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ABSTRACT 
Three types of modified polystyrene latexes have been 
synthesized using emulsion polymerization techniques. A core 
polystyrene latex with a narrow particle size distribution was 
prepared via bottle polymerization. This latex is used as a seed 
' 
for subsequent semicontinuous polymerization reactions to 
incorporate chemically bound carboxyl and/or activated chlorine 
groups at the latex particle surface. These functional groups 
are then used as reaction sites for further chemical modification 
-pathways to introduce either "single spacer arm" or "dual spacer 
arm" molecules extending from the particle surface out into the 
aqueous medium. 
These "spacer arm" modified latexes have been used to 
covalently bind a synthesized diazonium salt derived dye to 
produce a colored latex. In addition, they have also been used 
to covalently bind both Bovine and Human Serum Albumin, which 
serve as model proteins for the investigation of parameters which 
affect the chemical binding of biological macromolecules to latex 
particles acting as insoluble support structures. 
These latexes have been characterized using transmission 
electron microscopy and through electrophoretic mobility 
measurements 
instrument. 
with a Pen Kem System 3000 Electrophoresis 
Qualitative and quantitative differences between 
absorbed- and chemically-bound protein-latex conjugates have been 
demonstrated using colorimetric methods with microprotein 
determination assay reagents in conjunction with a Perkin-Elmer 
Lambda 5 UV/Vis Spectrophotometer. 
-7-
Possible applications of 
\ _____________ -----·-
these latex particles include use in medical diagnostic tests, 
immobilized enzyme technology, 
purification systems. 
-8-
and improved separation and 
I.INTRODUCTION 
The interactions between biological macromolecules (such as 
immunoglobulins, enzymes, and model proteins) and latex particles 
in an aqueous medium are of considerable technological and 
scientific importance. The latex particles represent colloidal 
polymer microspheres dispersed in an aqueous medium. These 
microspheres may act as solid support structures which can then 
be used as sites for the physical or chemical attachment of 
biological macromolecules. 
There are several advantages for the selection of latex 
# 
particles as solid support structures. First, the latex 
particles may be synthesized over a wide size range. Second, the 
synthesized particles are also usually extremely uniform in size. 
This monodisperse property helps eliminate problems associated 
with inhomogeneity of the support structure. Third, an extensive 
solid/liquid interface is characteristic of latex systems. 
Interactions between the protein molecules and latex particles 
most frequently occur at this interface. Fourth, the smaller 
sized latex particles have very favorable surface area to volume 
ratios. The implications of this are considerable. A very small 
volume of latex particles could have an enormous amount of 
surface area available for interaction with a specific protein 
molecule. Finally, latex particles may be "custom synthesized" 
to fit the needs of a given application. A wide variety of 
monomer combinations may be chosen to produce a latex wih desired 
surface characteristics. The nature of the particle surface may 
be chemically modified by introducing a given degree of 
-9-
•\ .. 
hydrophobicity or hydrophilicity by monomer selection. 
Various functional groups may be chemically bound at the 
particle surface. These groups may be used as sites for the 
attachment of spacer arm molecules. These spacer arms may be 
utilized for particle stabilization or as sites for the covalent 
binding of biological macromolecules. The selection of latex 
particles as solid support structures offers a great deal of 
flexibility in the design of a process in which the 
immobilization of biological macromolecules is important (e.g. 
medical diagnostic tests). 
The nature of the 1· t t' f n erac ion o protein molecules with 
latex particles at the solid/liquid interface and the parameters 
which affect this interaction need to be well defined. There has 
been a great deal of scient1'f1'c 1·nterest · 1n the adsorption 
behavior of protein molecules onto a solid surface. MacRitchie 
(1) investigated the adsorption isotherms for Bovine Serum 
Albumin (BSA,· used d 1 as a mo e protein) on hydrophilic and 
hydrophobic colloidal silica surfaces in an aqueous environment 
in an attempt to determine the effect of the nature of the solid 
surface on protein conformation and on the efficiency of protein 
adsorption. He found that the t · d pro e1ns a sorbed much more 
strongly at a hydrophobic surface indicating that the free energy 
of adsorption is greater at a hydrophobic surface than at a 
hydrophilic surface. His findings were confirmed by Suzawa, 
Shirahama, and Fujimota (2) and Suzawa and M k · ura am1 (3) who found 
that bovine serum albumin (BSA) adsorbed more 
hydrophobJic 
I 
hydrophiiic 
(polystyrene latex) 
surface (poly (methyl 
-10-
surface than 
methacrylate) 
strongly at a 
at a more 
latex). This 
) 
trend was also confirmed by Bagchi and Birnbaum (4) who 
investigated the adsorption behavior of immunoglobulin G on 
anionically charged poly (vinyltoluene) latex particles. 
Koutsoukos and his coworkers (5) systematically investigated 
the interaction of human plasma albumin (HPA) with a series of 
colloid substrates which included both negatively and positively 
charged polystyrene latexes, silver iodide sols (negatively 
charged) and haematite sols (positively charged). Their data 
showed that: (1) negatively charged HPA (at pH value less then 
HPA i~oelectric point) could adsorb on negatively 
polystyrene latexes indicating a strong hydrophobic 
charged 
attraction 
between the protein and the latex surface even when, 
electrostatic repulsion should have been operative and, (2) 
analysis of the interactions between proteins and positively 
charged substrates showed that a significant electrostatic 
interaction mechanism existed. They concluded that hydrophobic 
interacions between protein molecules and the substrate surfaces 
were the dominant mechanism to explain protein adsorption onto a 
solid surface. 
Dillman and Miller (6) investigated the adsorption behavior 
of Bovine Serum Albumin (BSA) and Immunoglobulin G (IgG) with a 
series of cationically and neutrally charged polymeric membranes 
in aqueous, buffered media. Their results showed the presence of 
two types of adsorption behavior, Type I behavior and Type II 
behavior. "Type I behavior is characterized as being relatively 
hydrophilic, 
characteristic 
easily reversible, with heat 
of a condensation process (ca, 
-11-
of adsorption 
-10 kcal/mole) ••• 
I 
f j. 
·\ ,i,__...,, .. ' . ,, 
Type II behavior is characterized as being tightly bound, 
hydrophobic, and with an endothermic heat of adsorption (ca. 5 to 
20 kcal/mole) characteristic of chemical bond formation " 
Dillman and Miller found that Type I behavior was more rapid than 
Type II behavior with faster equilibrium times, while Type II 
behavior was more pH sensitive. They also found that summing 
both types of adsorption behavior lead to results consistent with 
literature values which followed Langmuir adsorption isotherm 
behavior (i.e. monolayer of protein molecules adsorbed onto the 
solid polymeric surface). 
Norde and Lyklema (7 - 12) published a series of papers 
which described the adsorption behavior of Human Plasma Albumin 
(HPA) and Bovine Pancreas Ribonuclease (RNase) on negatively 
charged polystyrene latexes. They investigated: (1) adsorption 
isotherms, (2)protein conformation changes which occurred upon 
adsorption, (3) electrophoretic properties of the adsorbed 
protein-latex system, and the (4) thermodynamics of protein 
adsorption onto these solid surfaces. Their data demonstrated 
that all of the adsorption isotherms showed well defined plateau 
regions of maximum adsorption behavior which occurred around the 
isolectric point of the protein. In addition, they found that 
certain isotherms exhibited bimodal adsorption characteristics or 
"kinks" with two plateau values. Norde and Lyklema explained 
this result by inferring the existence of two types of adsorption 
behavior (which confirmed Dillman and Miller's findings). 
The occurrence of plateau values around the isolectric point 
of the protein and "kinks" in adsorption isotherms may be 
explained by the conformation of the dissolved ~rotein molecules 
-12-
in solution. The dissolved protein molecules are neutrally 
charged at the isoelectric point. Electrostatic interactions 
between the uncharged portions of adjacent protein molecules are 
minimal at this pH; the protein is in its most compact form in 
this state. Protein adsorption seems to occur in a monolayer 
(Langmuir isotherm behavior). At lower surface coverages, the 
protein exists in a "flattened conformation" leaving space for 
the adsorption of additional protein molecules at the particle 
surface. At higher coverages (occurring at the isoelectric 
point), the protein is in its compact form which allows little 
room for additional adsorption of protein molecules onto the 
surface. This explains the attainment of adsorption plateau 
values. 
The steps or "kinks" found in the adsorption isotherms have 
been investigated by Fair and Jamieson (13). These investigators 
postulated that the steps in the isotherms corresponded to a 
transition in the conformation of the adsorbed protein molecules 
from a "flattened" form to a more "globular" form which is a 
function of surface coverage. They proposed a region model to 
explain protein adsorption onto these solid surfaces. Region I 
occurred when random protein molecules adsorb onto the latex 
particle surface primarily via hydrophobic interactions (low 
surface coverage region {up to 56%) protein coverage). This 
region explains the lower plateau results. Region II occurs 
above a "critical" bulk protein concentration when increased 
density of surface protein molecules produces a change in the 
inter facial free energy which produces a nucleation of 
-13-
crystalline protein molecules onto the polystyrene surface. This 
region terminates above a •critical bulk supersaturation• value 
after which Region III begins. In this region full surface 
coverage is achieved and an upper plateau value is reached. 
Lateral interactions between protein molecules is important in 
this region. This model explains the presence of a maximum 
plateau value at the protein isoelectric point as well as the 
bimodal plateau distribution of the protein adsorption isotherms. 
Norde and Lyklema (11,12) investigated the thermodynamics of 
protein adsorption onto a substrate surface. They found that 
: 
11 (l)The adsorption process is entropically driven, (2) the gain 
in entropy stems from dehydrat1'on f th d o ea sorbant surface, from 
structural rearrangements inside the protein molecules ••• (3) the 
enthalpy of reconformation ( ••• back into the protein's native 
structure) is endothermic; and (4) the uptake of ions is an 
important concomitant feature (12)". The uptake of ions 
accompanies protein adsorption. There seemed to be a charge 
transfer mechanism in operation between the bulk protein 
solution, the adsorbed proteins on the latex particle surface and 
between adjacent protein molecules. The ionic strength of the 
aqueous medium would affect the charge t f h · rans er mec an1sm. 
Suzawa and Murakami (3) showed th t hi h · a g er ionic strengths led to 
increased amounts of proteins adsorbed onto substrate. Higher 
ionic strengths beneficially affected the conformational 
stability of the protein molecules. However, ionic strengths 
C01Jld lead to destabilization and flocculation of the latex. 
Most investigators (7-9,14) have held that protein 
adsotption was irreversible (i.e. d no esorption of protein from 
-14-
particle surface occurs after adsorption). However, Brash and 
Samak (15) found using radioactively tagged protein molecules, 
that a dynamic equilibrium was established between the protein 
adsorbed on a solid surface and protein in the bulk aqueous 
phase. An exchange of protein molecules between the surface and 
aqueous phase occurred continuously with the net result of a 
constant number of protein molecules adsorbed at the solid 
(polyethylene) surface giving the appearance of irreversible 
adsorption. De Bruin, Van Oss and Absolom (16) found that they 
could \nduce desorption of protein (immunoglobulin G) from 
polystyrene latex particles by lowering the surface tension of 
the aqueous medium through the addition of dimethyl 
(DMSO). 
sulfoxide 
The adsorption of protein at the solid/liquid interface is a 
very complex phenomena which is affected by factors such as pH, 
ionic strength, temperature, nature and charge of the substrate 
surface, the surface tension of the aqueous medium and many other 
factors. However, a complete understanding of the adsorption 
process is necessary to develop chemical binding techniques for 
the attachment of protein molecules to a solid substrate such as 
latex particles at the solid/liquid interface. The objectives of 
this research are the synthesis of modified latex particles which 
can then be used to chemically bind a variety of biological 
macromolecules while retaining the system's stability under 
changing reaction conditions. 
-15-
II. EXPERIMENTAL MATERIALS 
l.Styrene Monomer: inhibited ,certified grade, Fisher Scientific 
Co., C"H5 CH2.:CHZ., FW 104.15 
PURIFICATION METHOD: The styrene monomer was purified in 
order to remove inhibitors such as hydroquinone prior to use in 
polymerization. Initially, 700 ml of styrene monomer was washed 
with an equal volume of 10% aqueous sodium hydroxide in a 2 liter 
separatory flask and shaken. 
drawn off and discarded. 
The red, lower aqueous phase was 
The upper, yellow, organic styrene 
phase was then mixed with an additional 700 ml of sodium 
hydroxide solution. The lower phase was drawn off once again. 
700 ml of distilled, deionized wate~(DDI) was then added to the 
styrene and the flask shaken. The aqueous phase was removed once 
phase separation occurred. The washing process was repeated with 
several changes of distilled, deionized water until the pH of the 
aqueous phase was approximately 6-7. Typically, 6-8 wash cycles 
with DDI were necessary to remove excess inhibitors. The 
remainder of the inhibitors in the styrene were removed by vacuum 
0 
distillation at a pressure of 20 torr and at 40-43 c. The 
purified, styrene distillate was stored at 0 degrees until use. 
2.Vinylbenzyl chloride: experimental monomer XD1915L, Dow 
Chemical CO., CH~:CHC,HsCH~Cl, FW 153.5 
3. Methacrylic acid monomer : purified by vacuum distillation at 
10 torr and approx. 40 degrees, Dow Badische Co., CHi:C(CH3)COiH, 
FW 85.11 
4. Distilled, deionized water: double, distilled deionized water 
-16-
5. N-dodecyl mercaptan (1-dodecane thiol): practical grade, 
Eastman Chemical Co., CH 3 (CH 2 \SH, FW 202.40 
6. Hexadecyltrimethylammonium bromide: (HDTMAB)' surfactant, 
technical grade ,CH J (CH2 )15 N (CH 3)3 Br, FW 364. 46 
7. 2,2'-Azobisisobutyronitrile (AIBN): (Vazo 64),initiator,DuPont 
Co., CNC(CH3 \ N:N C(CH~)?.. CN, FW 136 
8. Sodium chloride: certified grade, Fisher Scientific Co., NaCl, 
FW 45.44 
9. N-methylaniline: Polysciences Inc., c,H5NHCH3 , FW 107.16 
1 0 • Su 1 fa 1l i l i c a c i d : A 1 d r i ch Chem i ca 1 Co • , 4 - ( H 2 N) C '9 H ,._ SO 3 H , FW 
173.19 
11. Sodium Nitrite: Baker analyzed reagent, J.T.Baker Chemical 
Co.,NaNO~, FW 69.0 
12. Sulfuric Acid: reagent grade,Fisher Scientific Co.,H,SO~, FW 
98 
13.Sodium carbonate:anhydrous, made up 5% aqueous sol'n, 
certified grade,Fisher Scientific Co., Na2 COJ' FW 105.99 
14.Hydrochloric acid: reagent grade, Fisher Scientific Co., HCl, 
FW 36.5 
15. l-Ethyl-3-(3-Dimethylaminopropyl) carbodiimide hydrochloride 
(ECDI): anhydrous, Sigma Chemical Co., CH,CHz.N:C:N(CHz)3 N(CH.z_)2. 
HCL , FW 191.7 
16. Ethyl alcohol: USP, Absolute, 200 proof, diluted to 95% 
(v/v), Aaper Alcohol and Chemical Co., CH!CH~OH, FW 46 
17. N,N-dimethylaniline: Polysciences Inc., c,HsN(CHJ)t , FW 
121.18 
18. Phosphate Buffered Saline: (PBS) pH 7.4, comprised of: 
i. 8.0 gm sodium chloride 
-17-
ii. 0.2 gm potassium chloride (certified grade, Fisher 
Scientific Co., KCl, FW 74.56) 
iii. 0.2 gm potssiwn phosphate monobasic (reagent grade, 
Lehigh Valley Chemical Co., KHz.PO~ , FW 136.09) 
iv. 1.15 gm sodiu.m phosphate dibasic (certified grade, 
Fisher Scientific Co., Na 1 HPO~, FW 141.96) 
made up to a volume of 1 liter in a volumetric flask. 
19. Working PBS buffer 12: 2 gm potassium chloride, 2 gm 
potassium phosphate monobasic, 80 gm sodium chloride, 11.4 gm 
sodium phosphate dibasic mixed to a volume of 1 liter in a 
volumetric flask; Working buffer consists of 1:10 dilution with 
DOI. 
20. Hexamethylene diamine: Aldritch Chemical Co.,H N (CH) NH Z. L (, , 
FW 116.21 
21. Pimelic Acid: Sigma Chemical Co., HOOC(CHz)sCOOH, FW 160.2 
22. E.-Amino-n-caproic acid: Sigma Chemical Co., H N(CH ) COOH, FW 
'2. 2. 5 
131. 2 
23. Jefferson Polyoxypropyleneamines: Texaco Chemical 
General formula: Ha.NCH(CH.3)CH 2[0CH 2CH(CH3 ) ]~ NH 2. 
where: Jeffamine D-2000, x=33.l, FW=2000 
Jeffamine D-400 , x=S.6, FW= 400 
Jeffamine D-230, x=2.6, FW= 230 
24. Albumin Color Reagent: Sigma Chemical Company, consisting of 
0.01%(w/v) Bromcresol Green in buffer with surfactant 
25. Microdetermination of Total Protein Kit: Kit i 690-A, 
consisting of Biuret reagent, Folin and Ciocalteu's Phenol 
reagent, and Protein standard , Sigma Chemical co. 
-18-
26. Bovine Serum Albumin (BSA): Fraction v, Purity 97-99%, United 
States Biochemical Corp. 
27. Human Serum Albumin (HSA): Fraction V, US Biochemical Corp. 
28. .E.!:! i Buffer: potassium acid phthalate buffer, pHydrion 
Buffer Microessential Labs 
29. .E.!:! 1 Buffer: sodium phosphate and potassium phosphate 
buffer, pHydrion buffer Microessential Labs 
30. E!! 9.18 Buffer : sodium tetraborate buffer, Harleco Dry-Pack 
reagent buffer salt mixture, Hartman-Ledder Co. 
-19-
III. PREPARATION OP SEED POLYSTYREIIE LATEX 
A. Background 
Latex particles may be used as solid support structures for 
the covalent attachment of a variety of biological macromolecules 
in an aqueous medium. Latex may be synthesized using a variety 
of emulsion polymerization techniques to produce a narrow 
distribution of particle sizes. In this work, seed 
polystyrene latex was initially synthesized using conventional 
bottle polymerization procedures with an azo-type initiator and 
cationic surfactant. These latex particles function as "core 
particles" which may then be modified through a combination of 
polymerization reactions and chemical reaction subsequent 
pathways. The modified polystyrene latexes may then be used to 
bind protein molecules. 
a.Experimental Procedures For The Synthesis Of Core 
Polystyrene Latex 
Table I shows the recipe used to produce the core 
polystyrene latex through bottle polymerization. Initially, the 
hexadecyltrimethylammonium bromide (HDTMAB) emulsifier was 
dissolved with stirring, in the distilled,deionized water (DDI) 
in a 12 oz. amber polymerization bottle. The sodium chloride 
electrolyte was then added to the aqueous solution. The N-
dodecyl mercaptan chain transfer agent was mixed with half of 
the purified styrene monomer and poured into the polymerization 
bottle. The bottle was then sealed using a metal bottle cap in 
which 3 holes were drilled. The cap was initially lined with two 
circles of butyl rubber cemented together to form a moisture 
-20-
tight seal. A small amount of toluene was added to the bottle 
cap to swell the rubber gasket facing the holes in the cap. A 
long needle was then inserted through one of the holes in the 
-------------------------------------------
-
TABLE I • Emulsion Polymerization Recipe Used To Produce 
Polystyrene Seed Latex. 
l.Distilled,deionized water •••••••••••••••••••••••••••• 200 gm 
(p 'f' d) •• 40 gm 2.Styrene Monomer ur1 1e ••••••••••••••••••••••••• 
3.N-dodecyl mercaptan •••••••••••••••••••••••••••••.•• 0.004 gm 
4.Hexadecyltrimethylammonium bromide (HDTMAB) ••• • • • · • •• 0.10 gm 
5.2,2'-Azobisisobutyronitrile (AIBN) ••••••••••.•••••••• 0.20 gm 
hl 'd ••..•• 0.012 gm 6 • Sod i um c or 1 e •••••••••••• • • • • • • • • • • • • • • • • • • • • 
------------------------------------------ -------
bottle cap and through the rubber seal. The needle tip was 
placed into the liquid contents. A short venting needle was 
inserted through a second aperature in the cap. Zero grade 
nitrogen gas was then bubbled into the bottle through a tubing 
connection with the long needle. 
system through the venting needle. 
Displaced oxygen exited the 
Nitrogen gas is introduced 
for 2 minutes. This results in the formation of a blanket of 
nitrogen in the polymerization bottle. The 2,2'-
Azobisisobutyronitrile (AIBN) initiator was then mixed with the 
remainder of the purified styrene , with stirring, until the AIBN 
was totally dissolved. The AIBN-styrene mixture was injected 
into the bottle through the cap using a glass syringe connected 
-21-
to the long needle. Both needles were removed once all the 
initiator-monomer mixture was added. The bottle was rinsed with 
water, then put in a cloth jacket, and placed in a wire basket. 
This basket was then inserted into a wire cage in a Deming 
Bottle Polymerizer at a temperature of 70 degrees c. A total of 
six bottles of polystyrene seed latex recipe could be prepared at 
one time. The bottles were then rotated end-over-end in the 
Polymerizer for 24 hours. The latex was cooled and filtered 
through glass wool to remove any coagulum after removal from the 
Polymerizer. 
The latex was then placed in a 90 degree Coven overnight to 
decompose any residual initiator. A small sample of the latex 
was removed and analyzed for solids content. In this procedure 
approximately 2 gm of latex was placed in a preweighed aluminum 
pan. The weight of the •wet latex• was recorded. The pan was 
then put into a drying oven overnight. The pan with the •dried 
latex• was then cooled and weighed. 
could be determined by: 
%Solids= weight dry latex 
-----------------
weight wet latex 
The percent solids content 
X 100 
An additional small sample of the core latex was used for 
Transmission Electron Microscopy (TEM) study, to determine the 
latex particle size distribution. First, the latex sample was 
diluted with DDI. One drop of the diluted latex was placed on a 
TEM grid and left to dry in a dust free chamber. The grid was 
then stained with osmium tetroxide and viewed with the 
transmission electron microscope. 
-22-
Photographic negatives were 
taken of the latex particles. These negatives were enlarged and 
printed into electronmicrographs. The particles in these 
photographs were counted and their diameters measured using a 
Zeiss Particle Size Analyzer. 
c. Results and Discussion 
The solids content of the latex (Latex E3) after bottle 
polymerization was 11.6 %. Particle size analysis using the TEM 
data showed that the particles possessed a narrow size 
distribution with DN=l36 nm, DW=l44 nm, and PDI=l.055 (where 
DN=number average diameter,DW=weight average diameter, 
PDI=polydispersity index, a measure of the narrowness 
and 
of 
distribution; a PDI value of 1 indicates a monodisperse 
population of particles). 
There are several important features to note in this styrene 
emulsion polymerization. First, the latex is cationic in nature 
because of the selection of cationic HDTMAB surfactant. The AIBN 
initiator decomposes into 2 nonionic radicals during 
polymerization. The latex therefore has no residual surface 
charge resulting from AIBN oligomers incorporated into the latex 
particles. This is in contrast to the situation of persulfate 
initiated styrene polymerization where the net surface charge of 
the polystyrene latex is negative due to the incorporation of 
negatively charged sulfate groups resulting from the persulfate 
decomposition. Removal of all the HDTMAB emulsifier through 
cleaning of the core latex will result in the destabilization of 
the latex and subsequent flocculation. Second, it is important 
-2J-
that the polymerization reaction components be blanketed with 
nitrogen during bottle polymerization. Oxygen will act to 
inhibit the AIBN initiator during the styrene polymerization if 
not removed from the system. This synthesized polystyrene core 
latex was then used as a seed for subsequent semicontinuous 
polymerization procedures. 
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IV.SEMICONTINUOUS POLYMERIZATION MODIFICATION OF CORE POLYSTYRENE 
LATEX 
A.Background 
The core latex can now be used as a seed in a further 
polymerization reaction. 
around the core latex 
A copolymer shell may be 
using semicontinuous 
synthesized 
emulsion 
polymerization techniques. This modification results in the 
incorporation of desired functional groups at the latex particle 
surface. The shell is produced by introducing a comonomer feed 
mixture which contains monomers with the desired functionality 
into the reactor charge (core latex plus addditional surfactant) 
over a specified time period. Initiators may be introduced 
either in the reactor charge or in the comonomer feed depending 
on the initiator solubility (either oil or water soluble). Three 
types of semicontinuous polymerization modifications of the 
polystyrene latex core particles were attempted in this study. 
These modification reactions were : (l)formation of a copolymeric 
shell incorporating vinylbenzyl chloride and styrene around the 
polystyrene latex core, (2) formation of a copolymeric shell with 
styrene and methacrylic acid residues at the particle surface, 
and (3) incorporation of a combination of vinylbenzyl chloride, 
methacrylic acid, and styrene into a copolymeric shell about the 
seed latex. These modifications result in either activated 
chlorine groups or methacrylic acid residues chemically bound at 
the latex particle surface or a combination of the 
functional groups may then be used as sites for 
chemical reactions with a variety of reagents to 
-25-
two. These 
subsequent 
bind amine 
groups present in certain dye molecules and biological 
macromolecules. 
B. Experimental Procedures 
i.Incorporation of activated chloride groups at the latex 
particle surface via semicontinuous polymerization. 
A portion of the seed polystyrene latex was diluted to give 
300 gm of 5 %-solids latex, which was added to a I-liter stirred 
flask and heated to 70 degrees Cina thermostatted water bath. 
0.69 gm of hexadecyltrimethylammonium bromide (HDTMAB) emulsifier 
was added and dissolved with stirring. A mixture of 2.0 gm of 
inhibitor-free styrene, 6.0 gm of vinylbenzyl chloride, and 0.32 
gm of 2,2'-Azobisisobutyronitrile (AIBN) initiator was added 
dropwise (using an addition funnel) under nitrogen over a 2-hour 
period. The reaction was continued for an additional 4 hours at 
70 degrees to incorporate a shell of vinylbenzyl chloride-styrene 
copolymer around the polystyrene core latex. The modified latex 
was then cooled, filtered with glass wool to remove any residual 
coagulum, and vacuum-distilled in a Buchler evaporator to remove 
any residual monomer. 
temperature until use. 
The modified latex was stored at room 
ii. Incorporation of Methacrylic Acid Residues at the Latex 
Particle Surface. 
The procedure for incorporating a shell of methacrylic acid-
styrene copolymer around the polystyrene core is the 
previously discussed except for the following changes. 
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same as 
First, 
I . 
I 
only 0.025 gm of HDTMAB surfactant was added to the diluted latex 
with stirring. Second, the comonomer feed mixture was changed to 
4.0 gm of styrene, 0.40 gm of methacrylic acid, and 0.20 gm of 
AIBN initiator. Finally, the latex was cleaned using serum 
replacement 
comonomers. 
latex. In 
after vacuum-distillation to remove residual 
Serum replacement is a technique used for cleaning 
serum replacement, the latex is confined to a cell 
with a semipermeable membrane (preferably a uniform pore size 
Nucleopore filtration membrane) and pure water or some other 
liquid is pumped through the cell to literally replace the latex 
serum with the desired liquid while maintaining the latex 
stability. Initially acidified distilled,deionized water 
(adjusted to pH 2.5 with cone. HCl) was used to wash the latex in 
an attempt to "compress" any methacrylic acid homopolymer or 
copolymer dissolved in the water phase, so that the polymer could 
pass through the pores of the Nucleopore filtration membrane 
(typically used a 0.1 um or 0.2 um Nucleopore filter). The latex 
was then washed with DDI to remove the excess acid. 
i i i • Incorporation of Activated Chlorine Groups and 
Methacrylic Acid Residues at the Latex Particle Surface. 
The incorporation of the vinylbenzyl chloride-methacrylic 
acid-styrene copolymer into a shell around the polystyrene seed 
latex is accomplished by adjusting the comonomer feed mixture 
during semi continuous polymerization and the amount 
emulsifier. In this case 0.08 gm of HDTMAB was added to 
of 
the 
dilute core latex (5% solids) and dissolved with 
mixture of 6.0 gm of vinylbenzyl chloride, 2.0 gm 
-27-
stirring. A 
of styrene, 
··--·----- . 
0.38 gm of methacrylic acid, and 0.33 gm of AIBN was introduced 
dropwise into 
Polymerization 
the 
was 
reaction 
terminated 
vessel over a 
4 hours after 
2-hour 
the end 
period. 
of the 
comonomer feed stage. Residual comonomers were removed by steam 
stripping the latex using the Buchler evaporator apparatus. 
c. Results and Discussion 
Figure 1 represents a schematic diagram of the three types 
of modified polystyrene latexes produced using semicontinuous 
polymerization techniques. Two types of functional groups may be 
chemically bound at the latex particle surface, namely an 
activated chlorine group resulting from a vinylbenzyl chloride-
styrene copolymer shell (Figure lA) and carboxyl groups resulting 
from a styrene-methacrylic acid copolymer shell around the core 
latex (Figure lB). A combination of these two functional groups 
on a particle surface is also possible (styrene-vinylbenzyl 
chloride-methacrylic acid copolymer shell, Figure lC). 
The activated chlorine groups may be reacted with a variety 
of nucleophilic reactants to form stabilizing groups extending 
away from the latex particle surface into the aqueous phase. 
Gibbs et.al. (17) describes a variety of "ethylenically 
unsaturated, activated-halogen monomers" which can be used to 
chemically attach activated-halogen groups at a latex particle 
surface by copolymerizing non-ionic vinyl monomers (such as 
styrene and many of its derivatives, butadiene, vinyl acetate, 
methyl methacrylate, and many others) with these activated-
halogen monomers (such as vinylbenzyl chloride, vinylbenzyl 
bromide and 2-bromoethyl acrylate among others) around slightly 
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~IGURE 1. SCHEMATIC DIAGRAMS OF THE STRUCTURES OF MODIFIED 
POLYSTYRENE LATEXES. 
1A. MODIFICATION BY ACTIVATED CHLORINE GROUPS 
r\ooc 
COOH 
1B, MODIFICATION BY CARBOXYL GROUPS 
1C. MODIFICATION BY ACTIVATED CHLORINE GROUPS AS 
WELL AS CARBOXYL GROUPS. 
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cationic latex core particles. 
could then be reacted with 
These activated-halogen groups 
low molecular weight, nonionic 
nucleophiles such as dimethyl sulfide or trimethyl amine to give 
pH independent "onium• stabilizing groups chemically bound at the 
latex particle surface. Gibbs called these resulting latexes 
"cationic structured-particle latexes". This patent seems to 
have 
served as a basis for Shih's work (18) in the synthesis of 
colored latexes using activated chlorine groups encapsulating a 
cationic polystyrene seed latex, followed by reaction with 
aromatic nucleophiles and a diazonium salt reaction. Shih's work 
formed the basis for this current research on the chemical 
attachment 
particles. 
of protein molecules to the surface of latex 
The activated chlorine groups may also be used to 
attach an amine "spacer arm" molecule which could extend outward 
into the aqueous environment and could contribute a stabilizing 
cationic charge to the latex or else be used in conjunction with 
binding agents to chemically bind protein molecules. 
The carboxyl groups which were chemically bound at the latex 
particle surface could be used to directly bind dyes and proteins 
containing amine groups with water-soluble carbodiimides. Hoy 
(19) demonstrated that "monomers containing carboxyl functions 
and perhaps other polar groups tend to be incorporated in such a 
manner that the carboxyl groups are at or very near the <solid-
liquid> interface" during polymerization reactions. 
He showed 
that this trend is especially valid when using a monomer such as 
methacrylic acid in polymerization reactions (approaches 100 % 
binding at the surface). 
He also concluded that the acid is in 
-JO-
form Whe n incorporated into the latex (i.e. its un-ionized -COOH 
groups at the latex surface). 
of choice in the 
Methacrylic acid was used as the 
monomer copolymerization reactions to 
into the shell encapsulating the core incorporate carboxyl groups 
l atex for these reasons. polystyrene Table II shows the particle 
size distribution for a latex (Latex E3-4A) produced 
semicontinuous . wi'th metacrylic acid and polymerization 
comonomer d the Polystyrene core latex feed mixture aroun 
using 
styrene 
(Latex 
E3) 
-----------------. -------------------------------------- ------
TABLE II. PARTICLE SIZE DISTRIBUTION FOR CARBOXYL MODIFIED 
POLYSTYRENE LATEX E3. 
DN=l51.5 nm 
DW=l58.l nm 
N=l031 
PDI=l.044 
DS=l56.l nm 
DV=l53.8 nm 
SD=l9.0 
DW=weight average diameter;N=number DN=number average diameter; . 't index· DS=surface 
of particles counted;PDI= polydispersi ~iameter·' SD=standard 
average diameter; DV=volume average ' 
deviation 
--------------------------~-h-~h--results obtained previously Comparison of these results wit e 
a shell thickness of approximately for the core latex alone show 
l4 nm (core latex E3, DW=l44 nm; Latex E3-4A DW=l58.l nm) which 
Seml·continuous polymerization procedure. resulted from the 
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V.DYE BINDING EXPERIMENTS 
A.BACKGROUND 
The dye binding exper· iments represented an attempt to 
chemically bind a synthesized dye to the 
carboxylated 
latex using a water-soluble 
polystyrene 
carbodiimide binding agent. 
used was a diazonium salt which 
The dye 
group possessed an amine 
available as b' a inding site for reaction 
with the modified latex. 
The advantage in the initial selection 
of dye binding experiments 
to protein binding experiments is the as opposed 
response 
colorimetric 
of the dye-latex conjugate. Since the synthesized dye 
has a distinct coloration 
, the chemical tt 
latex a achment of this dye to 
particles may b . 
e visually observed, whereas the 
reaction 
protein molecules and the latex cannot be. The dye 
between 
molecules act as markers on the latex. 
soluble in ethyl alcohol. 
The synthesized dye is 
Any excess dye which is adsorbed onto 
surface rather than chemically bound can be 
the latex 
removed 
molecules 
by 
particle 
washing with alcohol. Th 
e chemically_ bound dye 
will remain attached to the latex surface after the 
alcohol treatment thus pr 'd' . 
binding as 
ovi ing visual confirmation of chemical 
opposed to physical adsorption. Qualitative evidence 
of binding can be obtained in thi's 
manner. 
B. Procedure 
1. Synthesis of dye 
The 
sulfanilic 
method. 
dye used in these 
acid. 
experiments was a diazonium salt of 
0.69 gm 
distilled,deionized 
This dye wasp repared using the •· indirect" 
of sodium nitrite was dissolved 
water and placed in a small i val in an 
in 
ice 
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bath maintained at 0-5 degrees c. A 5% aqueous solution of sodium 
carbonate was prepared and cooled to 0-5 degrees. This solution 
was then added dropwise to 1.73 gm of sulfanilic acid in a small 
vial maintained at 0-5 degrees until the sulfanilic acid was 
dissolved. The cold sodium nitrite solution was added dropwise 
to the cold sulfanilic acid solution, and the resulting solution 
was added dropwise to 0.98 gm of chilled sulfuric acid, to form a 
gray precipitate, which was filtered on a Buchler funnel and 
washed with cold distilled,deionized water. The wet precipitate 
(diazonium salt of sulfanilic acid) was covered with water and 
refrigerated until use. This diazonium salt was kept wet because 
some diazonium salts are shock-sensitive when dry. 
The diazonium salt was then coupled with N-methylaniline: 7 
ml of chilled N-methylaniline was added dropwlse to a small 
quantity (approximately equal volume) of the diazonium salt with 
gentle stirring in an ice bath, and the reaction was allowed to 
proceed for 2 hours. The final red-orange dye (Dye A-1) was 
diluted with distilled, deionized water and refrigerated until 
use. 
2. Dye Binding Experiments 
The reaction components for the dye-binding experiments are 
shown in Table III. The contents of each vial were then allowed 
to react for another hour after the addition of all the reactants 
was complete. The contents of all four vials were then 
individually placed into numbered centrifuge tubes, which were 
balanced with DOI, and centrifuged at 10,600 rpm in a laboratory 
centrifuge for 30 minutes. The supernatant fluid was pipetted 
off, 95% ethanol was added to each tube, the latex was 
-JJ-
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redispersed by shaking, and the tubes were centrifuged at 10,600 
rpm for 1 hour. 
The supernatant liquid was pipetted off once 
-----------------------------------------------------------------TABLE III. 
REACTION COMPONENTS FOR BINDING DYE A-1 (DIAZONIUM 
SALT-BASED DYE) TO LATEX E3-2A (CARBOXYLATED LATEX) 
VIAL# l 
------------- -------
LATEX E3-2A 3.0 gm 
(a) 
ECDI 0.1 gm 
DDI 
DYE A-1 
1.0 ml 
0.5 ml 
(**) 
2 
---------
3.0 gm 
0.0 gm 
1.0 ml 
0.5 ml 
( * *) 
3 
--------
3.0 gm 
(**) 
0.1 gm 
1.0 ml 
0.5 ml 
4 
-------
3.0 gm 
(**) 
0.0 gm 
1.0 ml 
0.5 ml 
------------------------------------------------------------------(a) Latex E3-2A was semicontinuously polymerized to incorporate 
methacrylic acid residues at the latex surface. 
(**) Added after 1 hour of gentle stirring at room temperature, 
again, and the latexes redispersed in distilled,deionized water -----------------------------------------------------------------
with shaking, and then stored, The dye is soluble in ethanol, so 
this treatment should remove the unbound dye, but not the 
covalently bound dye. 
C.Results and Discussion 
Analysis of the contents of the four vials showed that Vials 
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Wh ile those of vials #2 and i4 in color, I 1 and f3 were orange the 
d was covalently bound to indicating that the ye 
were white • d nt 
CDI binding agent, indepen e the presence of the E particles in · ent 
of the order of addition, but not bound when the binding ag 
was omitted. the latexes occured, Some flocculation of perhaps 
due to the relatively high centrifugal forces of the 
sedimentation. h reactions involved in A schematic diagram oft e 
. shown in Figure 2. the dye-binding experiments is This reaction 
Used in the actual protein binding · ·1 r to that scheme is very simi a with 
the carboxylated latexes and reacting experiments when using 
mo lecule in the presence of · the protein an amine residue in 
carbodiimide binding agent. 
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VI.PROTEIN BINDING EXPERIMENTS 
A. Background 
There is a great deal of interest in the chemical binding of 
protein molecules to latex particles. Much of the experimental 
work to date has been concerned with the mechanism of physical 
adsorption of proteins onto the surface of a variety of latex 
particles. Most protein molecules tend to adsorb irreversibly 
onto the latex surfaces. 
"equilibrium nature". 
However, this interaction is of an 
Changing reaction conditions such as pH 
shifts and electrolyte fluctuations could induce some protein 
desorption from the latex surface. The chemical binding of the 
protein molecules would minimize the adsorption effects. This 
can be especially critical in the application of medical 
diagnostic tests where protein desorption during the test could 
lead to inaccurate results. 
The latex fixation tests (20) are examples of medical 
diagnostic tests where the chemical binding technology could 
improve the test sensitivity. In the latex agglutination 
reactions antibody (also called an immunoglobulin) molecules such 
as gamma globulin are adsorbed onto the surface of the latex 
particles. The antibody molecules will react specifically and 
reversibly to certain antigen molecules (i.e. those antigens 
which originally stimulated the formation of the corresponding 
immunoglobulins) to form antigen-antibody aggregates. 
be shown schematically by: 
This can 
Ag (antigen) + Ab {antibody) -----> Ag-Ab (aggregates) 
<-----
The latex particles act as insoluble carriers for the antibody 
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molecules. The exposure of th 
ese latex-antibody 
cor conjugates 
responding antigen,in the the 
to 
visual correct dilutions 
aggregation f ' o the latex 
will cause 
test. Exposure of the 1 t 
and will result in a positive 
a ex-antibody 
antigen molecules should not 
conjugate to non-specific 
result in 
sample of a patient's blood 
latex flocculat· ion. A 
a t b (properly diluted) is introduced 
u e containing th 
e latex-antibody 
into 
the blood serum If 
conjugate and buffer. 
contains antigen (such 
which is as rheumatoid factor) 
specific f 
or the adsorbed antibody, 
flocculate the latex will 
' and confirmation f 0 the particular 
rheumatoid arthritis) i's disease (e.g. indicated (' i.e. positive test). 
then the test is aggregation occurs 
' 
If no 
negative and the d' isease may not exist in the patient. 
tests may occur, 
However f 
' alse positive and 
possibly due to d 
negative 
esorption of antibody from the latex p · article surface 
' or latex instability in th 
high electrolyte 
concentration 
e presence of 
pH 
I or changes in the 
during the test. system Chemical binding of 
the antibody to the 
the elimination of 
would in aid 
applications for 
chemical binding 
false results. 
technology may include . 
immobilization 
, affinity 
chromatography, 
• 
latex 
Other 
enzyme 
im-mobilization, and cell 
whole cell 
labeling procedures 
The latex particles • 
used for protein binding 
stable in media where th ere may be 
strengths. These 
must be 
a wide variation . in pH or high ionic 
latexes must als o possess 
binding sites · available for th 
a large number of 
e chemical 
Protein molecules. 
attachment of 
molecules may be bound 
protein 
locations: ( 1) to 
particle surface 
I 
functional 
to the latex at two 
groups bound directly on the latex 
and (2) to functional 
groups on the distal end 
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of •spacer arm• molecules extending away from the latex surface 
into the aqueous medium. Adsorption of protein molecules at the 
latex surface is maximized if the surface is hydrophobic in 
nature (1). Chemical binding at the latex surface should also be 
maximized at a hydrophobic surface, since it is desirable to 
bring the protein molecules in close proximity to the surface 
functional groups in the presence of a binding agent. The latex 
surface charge may also affect protein adsorption and chemical 
binding at the surface. Charge interactions between the protein 
molecules and the surface charge groups (e.g. sulfate residues) 
may affect the degree of adsorption or covalent binding. This 
interaction will be affected by pH changes which influence the 
protein conformation and electrical charge state of the protein 
molecules. High ionic strength resulting from large levels of 
electrolytes in the aqueous media will adversely affect the latex 
stabilization mechanism if the latex is stabilized primarily by 
an electrostatic stabilization mechanism. Electrostatic 
stabilization may result either from latex surface charge groups 
imparted to the latex from charged initiator fragments during 
polymerization (e.g. negatively charged sulfate groups) or by 
ionic surfactant addition. High ionic strengths will destabilize 
electrostatically stabilized latex particles; steric stabilized 
latexes are needed for stability under these conditions. Steric 
stabilization may be achieved by covalently attaching amine 
spacer arm molecules to the activated chlorine groups at the 
latex surface. The carboxyl groups at the distal end of these 
spacer arms can be used for protein binding reactions. The 
-39-
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attachment of these protein molecules at the spacer arm ends may 
also help minimize unwanted protein adsorption at the particle 
surface for some applications (protein molecules bound on 
adjacent spacer arms may form a "physical barrier" to the 
approach of an incoming molecule towards the latex surface). 
This approach may also minimize distortion of the protein 
molecules during the chemical binding process. 
Four types of binding agents have been proposed to link 
protein molecules to modified latex particles. These are ( 1) 
cyanogen bromide, used to bind hydroxyl groups on the latex 
surface to amine groups in the protein, ( 2) carbodiimides, used 
to bind carboxyl groups on the latex to protein amine groups, ( 3) 
glutaraldehyde, used to link amine groups on the latex with 
protein amine groups, and ( 4) Woodward's reagent K (N-ethyl-5-
phenylisoxazolium-3'-sulfonate) used to form esters of carboxyl 
groups on the particle surfaces with amine groups of the protein. 
Yen et. al.(21) described the preparation of hydrophilic 
latex particles incorporating carboxyl and hydroxyl functional 
groups on the latex surface. The latex was synthesized using a 
comonomer mixture of 2-hydroxyethyl methacrylate, methyl 
glycol 
methacrylate, methacrylic acid, and ethylene 
dimethacrylate with persulfate initiator. They found that the 
latex was stable (via electrostatic stabilization) at pH values 
above 5.5 (where carboxyl groups were ionized), but aggregated at 
lower pH's. They used cyanogen bromide to bind the surface 
hydroxyl groups to the protein molecules at pH 7-10, but found 
that some particle aggregation occurred during binding. These 
investigators also used the water-soluble l-ethyl-3-(3-
-40-
dimethylaminopropyl) carbodiimide (ECDI) to join latex carboxyl 
groups to protein amine groups at pH 6-7. However, some intra-
and intermolecular crosslinking of protein occurred during the 
binding process. In addition, Molday and coworkers (22) found 
that latex particle aggregation also occurred if ( 1) high 
concentrations of ECDI were used during binding ( >20 mg/ml), 
( 2) reaction times were greater than 3 hours, or ( 3) the reaction 
with the carbodiimide was run at room temperature. 
Johnson,Brenner and Hall (23) used ECDI to bind radio iodinated 
bovine serum albumin to red blood cells and found no aggregation 
of red blood cells when reacted a~ room temperature. 
/ 
( 
Flocculation of the particl~$ synthesized by Yen and others 
\ 
at pH values lower than 5o5 could lead to problems if these 
latexes were used in diagnostic tests if a pH shift occurred. 
These latex particles are also sensitive to high ionic strength 
since they are electrostatically stabilized. 
Yen also used a 2 step coupling reaction sequence to bind 
protein molecules to their latex particles. In this procedure, a 
diamino reagent (e.g. diaminoheptane) was initially coupled to 
1 Or hydroxyl groups ( through carbodiimide either surface carboxy 
or cyanogen bromide binding agents, respectively). 
used glutaraldehyde to link the free amino nspacer armn 
They then 
molecule 
to the protein amine groups. They were careful to only bind a 
small f b 1 Ups Usl·ng this procedure, proportion o car oxy gro 
electrostatic stability of the latex could be preserved. 
Rembaum, Yen, and their research group (24,25) 
i d new latex Pa rticles which were still hydrophilic synthes ze 
so 
then 
in 
nature by polymerization of the comonomers described previously 
in conjunction with N,N'-methylenebisacrylamide (crosslinking 
agent) and dimethylaminoethyl methacrylate to produce gel-like 
particles with gamma radiation. 
They found that increased 
amounts of the crosslinking agent led to an increased tolerance 
electrolyte 
of the latex-protein conjugates to increased 
instances to sterically stabiliz the latex. 
Polyethylene oxide was also used in some 
concentrations. 
epsilon-amino-n-caproic acid was used as a spacer arm in some of 
In addition, 
their studies. 
The last binding agent, Woodward's reagent K, was used by 
Patel and coworkers (26) to bind alpha-chymotrypsin (an enzyme) 
to carboxyl-containing polymers. 
They used equimolar quantities 
of the reagent to the number of available carboxyl groups to bind 
the protein. However, latexes were not used in this study. 
The protein binding approaches used in the present 
experimental studies involve the selection of latexes with 
available surface activated chlorine and carboxyl functional 
groups for the binding of protein molecules or "spacer arms" 
which 
can then be used to chemically 
"build-in" steric 
stabilization properties into the latex particles. 
B. Experimental Procedures, Results and Discussion 
1. Protein Binding Experiments Using Modified Carboxylated 
Polystyrene Latexes 
a.Procedure 
Latex E3-4A-1B {a subsample of latex E3-4A; characteristics 
shown in Table II) was used in the initial set of protein binding 
-42-
experiments 
methacrylic 
protein used 
(series HSA-6-ESD). This latex has a styrene-
acid shell surrounding the polystyrene core. 
in this study was Human Serum Albumin (HSA) 
The 
which 
Odel Protein. serves as am bound to These protein molecules were 
the functional carboxyl groups at the latex surface using a 
water-soluble carbodiimide. reactants used to Table IV shows the 
bind Human Serum Albumin (HSA) to the carboxylated latex E3-4A-
lB. 
------------
------
-------
----------------------------------------
TABLE IV. REACTION COMPONENTS FOR EXPERIMENT HSA-6-ESD FOR 
TO LATEX E3-4A-1B (CARBOXYLATED BINDING HUMAN SERUM ALBUMIN (HSA) 
LATEX) 
TUBE l 2 3 4 5 6 
-------
------- ------
------- ------
-----
------
---------
LATEX E3-4A-1B 3.0 ml 3.0 ml 3.0 ml 3.0 ml 3.0 ml 50 ml 
Working PBS 2.5 ml 2.5 ml 2.5 ml 2.5 ml 0.0 ml 50 ml 
ECDI 0.1 gm 0.0 gm 0.1 gm 0.0 gm 0.0 gm 0.5 gm 
HDTMAB 0.0 gm 0.0 gm 0.3 gm 0.3 gm 0.0 gm 0.0 gm 
HSA 0.3 gm 0.3 gm 0.3 gm 0.3 gm 0.0 gm 0.5 gm 
----------------------
-------------------
---------------------
First, the latex and the PBS buffer was added to the tubes; 
the ECDI was added to tubes il and i3, and the HDTMAB was added 
A) and #4 at the same time. to tubes 1r The samples were allowed to 
stand, with 
temperature; 
intermittent ml'xing, for one hour at room 
Was then added to tubes il-4, and the protein (HSA) 
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the reaction was allowed to proceed for one hour with gentle 
stirring. The tubes were then centrifuged in a laboratory 
particles. 
centrifuge at 10,600 rpm for one hour to sediment the 
The supernatant layers were decanted and replaced with an equal 
volume of working PBS solution. This centrifugation-decantation-
redispersion cycle was repeated two . more times. Tube #6 was 
treated as described above 
' 
except that the unbound protein was 
removed from the latex by serum replacement with working PBS 
buffer. The latexes were then 1· qua itatively analyzed by adding 
two drops of the latex to 1.5 ml Bromcresol Green Reagent 
reagent in buffer combines this 
blue 
with albumin to form an 
color, according to the following reaction: 
( B CG) ; 
intense 
Albumin+ BCG (yellow) -----> Albumin - BCG complex (blue). 
The intensity of th bl e ue color formed 1·s proportional to the 
amount of albumin present. 
(b) Results and Discussion 
The latex-protein conjugates of tubes il and ~3 
1t were blue in 
color, indicating that the HSA was 
covalently bound to the latex 
particles by the ECDI binding 
agent, independent of the presence 
or absence of the cationic HDTMAB surfactant. The latex of tube 
#2 showed a light 
-green color, indicating that 
some HSA adsorbed 
on the latex without the ECDI bid' 
n ing agent or HDTMAB emulsifier 
The 1 t • 
a ex of tube #4 remained white (as did that of the 
control 
tube IS), indicating that no binding 
occurred without the binding 
agent and that the adsorbed HDTMAB hindered the 
adsorption of the 
protein. The latex of tube 16 was an even more intense blue than 
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those of tubes il and #3, indicating an even greater amount of 
albumin was bound to these latex particles. 
This experiment gave qualitative evidence for the covalent 
binding of protein molecules to carboxyl-containing polystyrene 
latex particles using the water-soluble carbodiimide binding 
agent. These latex-protein conjugates were not completely 
satisfactory, however, because of their relatively poor stability 
without further addition of emulsifier. The poorer stability was 
attributed to flocculation during the centrifugation-decantation 
process or the lack of a spacer arm molecule which could impart 
steric stability to the latex particles. Moreover, pH values 
below 5.5 will prevent ionization of the carboxyl groups and 
remove the electrostatic stabilization mechanism (analagous to 
results found by Yen et al). The relatively high electrolyte 
concentration in the system (i.e. PBS buffer) will also negate 
the electrostatic stability of the latex. Moreover, these 
results do not give a quantitative measure of the amount of 
covalently bound proteins or of the binding efficiencies. 
However, this experiment does demonstrate, at least 
qualitatively, a visual difference between bound and adsorbed 
protein on the latex particle surfaces. Latex-protein conjugate 
stability problems may possibly be alleviated through the use of 
spacer arm molecules which are long enough and of the proper 
functionality to impart steric and electrostatic stablization to 
the system. 
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2.Protein Binding Experiaents i Us ng Chlorinated and Carboxylated 
Modified Polystyrene Latexes 
Previous 
modified 
carboxyl 
activated 
experimental work has consisted of synthesizing 
polystyrene latexes which have incorporated both 
groups (via methacrylic acid residues) as 
chlorine g 
roups (via vinylbenzyl chloride) 
well 
at 
as 
the 
surface of the latex particles. Th f ese unctional groups have now 
been us d e as reaction sites for: (1) the attachment of 
1 
spacer 
mo ecules used to ch . 
ern1cally bind charged stabilizin 
the 1 g groups onto 
atex particle surface (electrostatic 
stabilization) and/or 
(2) the attachment of spacer 
molecules which extend away 
latex s f ur ace into the aqueous phase 
whe~e the soluble 
from the 
protein 
molecules may be chemically bound using a 
carbodiirnide. This spacer a rm may provide a steric 
mechanism to the latex. 
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water-soluble 
stabilizing 
2a (i.) "Dual Spacer Arm• Latex Synthesis and Analysis 
The first approach to latex synthesis involved the initial 
reaction of the surface activated chlorine group with a tertiary 
amine nucleophile. The vinylbenzyl chloride residues were 
reacted with a four-fold molar excess of N,N'-dimethylaniline, 
which was slowly added dropwise to a 5%-solids dilution of the 
latex (Latex El0-8) over a two hour period with constant 
stirring. The latex was stirred continuously for a one week 
period at room temperature after the nucleophile was introduced 
into the system. This reaction incorporated a cationic ammonium 
"spacer arm" molecule onto the latex surface which extends 
outward into the aqueous medium. The latex (latex El0-8D, a 
subsample of latex El0-8) was cleaned by serum replacement, first 
with acidified distilled, deionized water to neutralize and 
remove the excess N,N'-dirnethylaniline, and then with distilled, 
deionized water to remove the residual acid. 
The surface carboxyl groups of Latex El0-8D were reacted 
with epsilon-amino-n-caproic acid (EACA) in the presence of the 
water soluble l-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (ECDI) binding agent. In this procedure, 50 gm of 
1%-solids latex was reacted with 0.1 gm of EACA in the presence 
of 0.1 gm of ECDI binding agent. The reaction proceeded for two 
hours at room temperature with gentle stirring. The latex was 
then washed of excess reagent using distilled, deioinized water 
in a serum replacement cell. 
The resulting latex (now called Latex El0-8D-1E) is now 
cationically charged as a result of the incorporation of the 
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cationic spacer arm molecules at the latex surface. In addition, 
these particles possess a second spacer arm molecule extending 
from the methacrylic acid residues on the latex particle surface. 
Carboxyl groups are available for protein binding at the end of 
this spacer arm (which results from the epsilon-amino-n-caproic 
acid reaction with the methacrylic acid residues). 
The cationic charge of these particles was confirmed by 
measuring their electrophoretic mobilities using the Pen Kem 
System 
3000 computerized eletrophoresis 
which instrument, 
on the laser-Doppler principle. 
operates 
terminal, Through a computer 
this system automatically loads the sample into the 
circular crass-section capillary cell, applies a voltage gradient 
across the cell, measures the velocity distribution of the 
particles, and calculates the distribution of electrophoretic 
mobilities. The cylindrical capillary cell inside a constant 
temperature water bath is illuminated from the top by a laser 
light source, and the light passing through the cell is rotated 
90 degrees, passed through a rotating grated disk, and impinged 
on a photomultiplier tube, which generates an electrical signal 
that is fed to a frequency tracker. The frequency shift of light 
passing through the cell is proportional to the 
distribution of the particles (27). velocity 
For measurement, 
these cationic emulsifier-free latex 
particles were dispersed in an aqueous medium of constant ionic 
-3 
strength (10 M sodium chloride solution), and the pH values of 
the dispersions were adjusted to the desired values by addition 
of dilute hydrochloric acid or sodium hydroxide. 
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These new latex particles were then used in a protein 
binding experiment (experiment ESD-23) • Table V shows the 
fall four tubes 
The components o -------------this experiment. ---------components for ---------------------
------------------
EXPERIMENT ESD-23 FOR BINDING 
REACTION COMPONENTS FOR TA
BLE V LATEX El0-8D-1E BOVINE SERUM ALBUMIN (BSA) TO 
TUBE 
Latex El0-8D-1E 
ECDI solution 
(0 .1 gm ECDI/, 
10 ml NaCl sol n) 
Sodium chloride 
solution (0.BS%) 
BSA Solution 
(0.1 gm BSA/ 
10ml of NaCl 
sol'n) 
1 
---------
2.0 gm 
1.0 ml 
6.0 ml 
1.0 ml 
------------------------
-----
were mixed, and allowed 
•ouAL SPACER ARM· 
2 3 4 
----
-----
------ -----
---
2.0 gm 2.0 gm 2.0 gm 
0.0 ml 1. 0 ml 0.0 ml 
7.0 ml 7.0 ml 8.0 ml 
1.0 ml 0.0 ml 0.0 ml 
-----
-----------
----
to react for one hour at room 
temperature. d for one hour then centrifuge The tubes were h at 
9000 rpm in a sediment t e laboratory centrifuge to latex 
t from all The supernatan . conjugates. Particle-protein d samples 
and the sedimente r emoved for analysis, 
were chloride 
latex particles 
were redispersed 
centrifuged again; 
and the particles 
in 0 .BS% sodium solution and 
layers were also these supernatant removed, 
r edispersed once more. The tubes were then 
centrifuged one 
collected, for a 
each tube effluent from time and the 
more samples for each test Of t hree supernatant total 
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tube. 
These supernatant s 1 
amp es were then analyzed 
content using a modified 
for protein 
total protein assay, 
(sensitive 
Bi ure t-Lowrey microdetermination 
which can detect minute quantitities 
up to 100 
of 
of proteins 
comprising 0.2 
mg/dl concentration). Samples 
ml of the supernatant layers 
were then added to the test reagents 
minutes. The 
color develops) 
and allowed to stand for a 
protein 
when 
gives a chromogenic 
total 
response 
of 
(a 
forty 
blue 
reacted with the test reagents. This 
response was measured at a 750 
nm wavelength (maximum absorbance 
sensitivity) in a Perkin-Elmer Lambda 5 UV/Vis spectrophotometer. The absorbance was measured for each sample in this manner. 
Concurrently, a Bovine Serum Alb . 
um1n standards 1 . o ut1on (1 mg/ml) 
was diluted to give protein 
concentrations ranging from 0 to 100 
mg/dl using 0.85% sodium 
chloride solution. Each diluted protein 
standard solution was reacted with the microprotein assay 
reagents; the ab b 
sor ance values of each 
750 nm using the Perk' 1 1n-E mer 
dilution were measured at 
A 
spectrophotomet er and recorded. 
calibration 
curve for the variation of 
protein concentration w1'th 
absorbance 
was determined using these diluted 
A protein solutions. 
correlation equation 
values so 
supernatant 
values. 
can be generated by curve 
that th 
e experimental absorbance 
samples could be related to protein 
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fitting these 
values of the 
concentration 
i 
! 
! 
i 
2b (i) Results and Discussion of the •oual Spacer Arm• Protein 
Binding Experiments 
Figure 3 shows the postulated chemical reaction sequence 
used to synthesize the "dual spacer arm" modified polystyrene 
latexes (Latex El0-8D-1E). A tertiary nucleophilic reagent, N, 
N-dimethylaniline, was chosen for reaction with the activated 
chlorine groups bound at the latex particle surface. Gibbs et al 
(17) suggested that Lewis bases such as: (1) monobasic aromatic 
nitrogen compounds, (2) tetra (lower Alkyl) thioureas, (3) R-S-R 
structures, (4) certain tertiary amines and (5) tertiary 
phosphorous groups be selected as nuclophiles of choice in the 
reaction with the activated halogen group bound at the latex 
surface. Originally, a 25% aqueous solution of trimethylamine 
was chosen as the nucleophilic agent but it was found that the 
latex did not remain stable after removing residual cationic 
surfactant from the latex. N,N-dimethylaniline was discovered to 
give more stability to the latex, possibly because of its 
aromatic group. Shih (18) also felt that the presence of 
aromatic groups in the spacer arm led to increased latex 
stability. The problem with the selection of N,N-dimethylaniline 
is (1) its toxicity, and (2) its limited solubility in water. 
N,N-dimethylaniline has a substantial diffusion rate through the 
skin and its relatively high vapor pressure makes inhalation a 
problem. These reactions should be carried out in a vented hood 
with appropriate safety apparatus (e.g. gloves, etc.) • The 
limited solubility in water is a major problem. Care must be 
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Figure 3, POSTULATED REACTION PATHWAY FOR SYNTHESIS OF 
"DUAL SPACER ARM II LATEX. 
8+ 
Core Polystyrene 
Latex 
cH1 =cHG) 
Styrene 
c:1~., / 
CHi. ;~-c.~oi.t C.H2t-=c~@c.~1.cl 
Meth~cryl1c ·-;-~- V1nylbenzyl chloride 
Acid 
Comonomer Feed in Sem1'cont1·nuous 1 Po ymerization 
of Modified Latex 
Modified Polystyrene Latex with Activated Chlorine Groups 
and Surface Carboxyl Groups 
-t-
N,N-dimethylaniline 
+ (C.l)I + H l N -(c 1-h) s - Coo H 
Carbodiimide epsilon-amino-n-caproic 
acid 
spacer arm #2 
+ 
c1.\1. rJ Cc H, \ I;\ a- 2 )..:I 5 spacer arm #1 
"Dual S A pacer rm Modified Latex" 
(Latex E10-8D-1E) . 
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I• 
ii 
taken to add the nucleophile very slowly to the latex with gentle 
stirring. If the stirring rate was too high, the latex 
flocculated (probably shear induced flocculation). The N, N-
dimethylaniline must be allowed to react for a long time period 
(ca. one week) with continuing gentle stirring to allow the 
nucleophile time to diffuse through the aqueous phase and react 
with the activated chlorine groups on the latex particle surface. 
A "thin skin" of aggregated particles often formed at the surface 
of the stirred latex once all of the N, N-dimethylaniline was 
added 
the 
to the system. This may result from the insolubility of 
nucleophile. This film was removed prior to further latex 
processing. Another possible complication in this reaction 
sequence is a side reaction in which the N, N-dimethylaniline 
reacts with surface carboxyl groups (shown in Figure 4). 
However, this is a reversible reaction; removal of excess 
nucleophile by washing with acidified distilled, deionized water 
(via the serum replacement procedure) should maintain the 
carboxyl groups in their un-ionized forms. There are also far 
more activated chlorine groups than carboxyl groups on the latex 
particle surface; these chlorine groups should preferentially 
bind the nucleophilic reagent. The amount of nucleophile added 
to the latex may also be controlled to minimize side reactions. 
The surface carboxyl groups may then be reacted with the 
water soluble carbodiimide binding reagent and the difunctional 
epsilon-amino-n-caproic acid (very water soluble) to synthesize 
the second spacer arm. This spacer arm may then be used for 
binding protein molecules. The binding mechanism is shown in 
Figure 4. Bovine Serum Albumin was chosen as a model protein for 
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FIGURE 4. MECHANISM OF PROTEIN BINDING WITH "DUAL SPACER ARM": 
i 
MODIFIED LATEX. 
"Dual spacer arm" Modified 
Latex 
+ 
CHJ 
\ 
c.l,l~ 
I 
tJ 
,, 
C 
II 
f.) 
I 
(CH-,);1 
I Bovine Serum Albumin 
rv 
I 
(Ci-4J)-, 
H"'c£ ... 
1-Ethyl-3-(~~d~methylaminopropyl) 
carbod11m1de hydrochloride 
(ECDI) 
+ 
Chemically Bound BSA-Latex Conjugate 
0 ,, 
c. -rJl-t1 CH1 cH, 
I 
N c ciA 2) .1 ,v cc '"'1 \. /-4 -+ a -
Carbodiimide by-product 
Possible Side Reaction in Synthesis Path of Modified Latex 
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binding; many other proteins with available free amine residues 
can be bound to these modified latexes. 
Figure 5 shows a postulated reaction pathway for the 
formulation of an alternative "dual spacer arm" modified latex. 
In this case, a diamine spacer molecule (hexamethylene diamine) 
is covalently 
carbodiimide; 
bound to the surface carboxyl groups with 
excess diamine is removed (via serum replacement), 
and additional carbodiimide is added to the latex along with a 
dicarboxylic acid. This system is then cleaned of excess 
reagents. Finally, protein molecules can be bound to the 
carboxylated end of the spacer arm in conjunction with the water 
soluble carbodiimide. 
Figure 6 shows the electrophoretic mobility results for the 
modified "dual spacer arm" latex El0-8D-1E in a constant ionic 
strength medium. The upper curve represents the modified latex 
without any bound protein. This curve shows that the latex 
particles showed strong positive electrophoretic mobilities (and 
zeta potentials), which decreased only slightly with increasing 
pH. These data confirm the existence of the cationic spacer arm 
molecule. The lower curve shows the electrophoretic mobility of 
the particles with a large concentration of adsorbed Bovine Serum 
Albumin as a function of pH. This represented a screening 
experiment to investigate the effect of protein adsorption on 
charge mobility. The protein was allowed to equilibrate with the 
latex for several hours prior to measurements. These data show 
that the electrophoretic mobility of the adsorbed protein-latex 
conjugates decrease as the pH increases. Moreover, the mobility 
-.5.5-
FIGURE 5, POSTULATED REACTION PATHWAY FOR ALTERNATIVE 
"DUAL SPACER ARM" MaJDIFIED LATEX AND REACTION 
WITH PROTEIN MOLECULES. 
-+ ECJ>:C + H'l.W -Cc l·h.)- N Hi 
-
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values go through a charge transition, 1· e the t f • • sys em goes rom 
positive mobility values to negative ones. An electrophoretic 
mobility value of zero is attained around pH 7. The isoelectric 
point (pH value where a molecule is neutrally charged) of the 
Bovine Serum Albumin (BSA) lies within a pH 4.5 to 5 range. The 
BSA molecules are uncharged at the isoelectric point (' 1.e.p), 
negatively charged above the i.e.p. and positively charged below. 
The data implies that the conformation of the protein adsorbed 
onto the surface of the cationic latex controls the mobility of 
the latex particle, and infers that the protein molecules screen 
the latex surface charge. The deer · i 1 ease 1n exper menta mobility 
values reflect the charge state of the adsorbed protein molecules 
from positively charged val t 1 ues a ow pH to negative values at 
higher pH's above th · 1 ti i e 1soe ec r c po nt. This trend is in 
complete agreement with experimental results recently found by 
Koutsoukos (5) for the interaction of a cationic polystyrene 
latex with Human PlasLla Albumin (HPA; chemically similar to BSA). 
These results led to an attempt to electrophoretically 
distinguish between adsorbed protein-cationic latex conjugates 
and chemically bound protein- latex conjugates. The exposure of 
both types of conjugates to new surfaces (i.e. Dowex mixed ion-
exchange resin surfaces) should result in desorption of adsorbed 
protein from the latex particle surface onto the mixed resin 
surface (equilibrium process). The subsequent separation of the 
latex-protein 
theoretically 
between the 
conjugates. 
conjugates from the mixed resin should 
lead to electrophoretic mobility differences 
adsorbed and chemically bound protein-latex 
Most of the protein should be stripped from the 
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surface of the adsorbed protein conjugate while the majority of 
protein should remain attached to the latex surface of the 
chemically bound protein-latex conjugate. The electrophoretic 
mobility behavior of the adsorbed protein-latex conjugate should 
approximate the upper curve in Figure 6 while the chemically 
bound conjugate should approach values obtained in the lower 
curve. However, the results shown in Table VI do not show this 
comparison of these values indicate no trend. In fact, 
'ff 1·n the elecrophoretic mobility values. appreciable d1 erence 
Results shown in Table VI show that there is no charge transition 
(positive to negative mobility transition) under changing 
----------------------------------------------
TABLE VI. ELECTROPHORETIC MOBILIT"f VALUES FOR PROTEIN-LATEX 
CONJUGATES (LATEX.ElS-80-lE) 
--------------------------------------------
pH 
---------
3 
4.8 
7 
8.9 
11 
ADSORBED BSA-LATEX 
CONJUGATE 
BOUND BSA-LATEX 
CONJUGATE 
ELECTROPHORETIC MOBILITY (µcm/volt sec) 
-------------------
-----------------
2.689 2.691 
1.406 1.399 
2.246 2.115 
1.909 1.987 
1.781 1.728 
-----------------------------------------------------------------
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pH conditions. These values are all positive, indicating that 
the protein concentrations used in this experiment are not great 
enough to shield the cationic latex surface charge (due to the 
cationic spacer arm). 
Table VII shows the results of the protein binding experiment 
using the "dual spacer arm" modified latex El0-8D-1E (also refer 
to Table V). Tube il contained latex which was reacted with 
Bovine Serum Albumin in conjunction with the carbodiimide 
reagent. The experimentally determined absorbance values for the 
supernatant layers must be corrected by subtracting off 
absorbance values obtained in Tube #3, which contained binding 
agent and latex, but no protein. The carbodiimide binding agent 
also gave a chromogenic response when reacted with the 
"microprotein determination" test kit reagents and anaylyzed 
spectrophotometrically. This absorbance correction is necessary 
to obtain the actual absorbance of the protein solution in Tube 
#1. Similarly, the absorbance values of the effluent samples 
from Tube #2 (latex and protein, but no binding agent) need to be 
corrected by subtracting off the absorbance values obtained by 
analysis of Tube i4 (only contains latex and sodium chloride 
solution). Tube i4 represents a "latex blank" which accounts for 
the possibility that the latex effluent itself gives a slight 
chromogenic response to the test reagents. 
The absorbance values shown in Table VII may be expressed in 
terms of protein concentration using the protein calibration 
data. The BSA concentration (given in mg of protein/ dl) may be 
calculated from the following polynomial regression equation 
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derived from the calibration data: 
2 
[BSA] = 0.078 + 37.180 (Absorbance) + 37.337 (Absorbance) 
Statistical analysis of the results shown in Table 
that there Was a significant difference at the 95 demonstrated 
VII 
% 
confidence level between the latex-bound BSA conjugates ( average 
Of 1. 23 mg/dl in the effluent) and the protein concentration 
latex-adsorbed 
concentration 
BSA conjugates (average protein effluent 
/ dl) l·n terms of the amount of of 5.54 mg BSA BSA 
desorbed from the particle surface during sedimentation and 
decantation. The t . 1·n Tubes #1 and J2 initial BSA concentra ion 
was 10 mg/ dl. This data suggests that the balance of BSA 
molecules are chemically bound in Tube #1 (where the binding 
agent was present) 11 b d (mo st protein was and physica y oun 
Of Tube# 2 (no binding agent present). desorbed) in the case 
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TABLE VII. RESULTS OF PROTEIN BINDING EXPERIMENT· ESD-23 (LATEX 
El0-8D-1E IN 0.85 I SODIUM CHLORIDE SOLUTION) 
---------------------------------------------------
--------------
I.PROTEIN CALIBRATION (BOVINE SERUM ALBUMIN; BSA) 
TUBE I UNCORRECTED CORRECTED BSA CONC'N 
ABSORBANCE ABSORBANCE 
(absorbance uni ts) (mg/dl) 
-------
-------------
----------- -----------
CAL 1 0.091 0.00 0 
CAL 2 0.546 0.455 25 
CAL 3 0.854 0.763 50 
CAL 4 1.096 1.005 75 
CAL 5 1.302 1.211 100 
---------------------------------------------------
--------------
II.EXPERIMENTAL DATA 
TUBE I ABS. TUBE I ABS. TUBE I ABS. TUBE I ABS. 
-------- ----- ------ ------- -------
------ ------ ------
lA 0.75 2A 0.31 3A 0.70 4A 0.13 
18 0.40 28 0.25 38 0.40 48 0.13 
lC 0.22 2C 0.22 3C 0.18 4C 0.13 
---------------------------------------------------
--------------
III.EXPERIMENTAL RESULTS 
LATEX-BOUND BSA CONJUGATE LATEX-ADSORBED BSA CONJUGATE 
TUBE I CORRECTED BSA CONC'N TUBE I CORRECTED BSA CONC'N 
ABS ORBAN CE ABSORBAHCE 
(abs. unit) (mg/dl) (abs.unit) (mg/dl) 
-------
--------- ----------
------
---------- ----------
lA 0.05 2.03 2A 0.18 7.98 
18 0.00 0.00 28 0.12 5.08 
lC 0.04 1.62 2C 0.09 3.73 
AVG. 0.03 1.23 AVG. 0.13 5.54 
-----------------------------------------------------
-------------
TUBE 11 (lA-lC) CONTAINS BINDING AGENT 
TUBE I 2 (2A-2C) CONTAINS NO BINDING AGENT 
A,B, and C represent three subsequent samples taken from each 
tube after centrifugation. 
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2a(ii)•single Spacer Arm• Latex Synthesis and Analysis:Procedure 
This second synthesis approach involves the incorporation of 
a single type of spacer arm molecule at the latex particle 
surface. The spacer arm is attached to the latex through the 
activated chlorine residues. The protein molecules are bound at 
the free end of the spacer arm molecule. 
Jeffamine series Polyoxypropyleneamines (aliphatic polyether 
di- or tri-functional amines derived from propylene oxide adducts 
of diols and trials) were chosen as nucleophilic reagents for 
reaction with activated chlorine groups bound at the latex 
particle surface. These amines are highly soluble in water, and 
have a low viscosity and vapor pressure. They undergo reactions 
typical of primary amines. Four Jeffamine amines are available; 
three are difunctional amines with molecular weights ranging from 
230 (D-230) through 400 (D-400) to 2000 (D-2000), and one is a 
trifunctional amine (T-403) with a molecular weight of 
approximately 400. The D-400 Jeffamine was chosen for the 
"single spacer arm" latex synthesis reaction. This Jeffamine was 
chosen over the others because of its lower viscosity (22 
centistokes as opposed to 265 cs for D-2000 at 25 degrees C) and 
moderate molecular weight (400 versus 230 for D-230), which would 
be useful in conveying steric stabilization to the latex. This 
may be analogous to chemically binding a nonionic surfactant to 
the particle surface instead of the usual case of adsorbing a 
polymer (e.g. polyethylene oxide, with some chemical similarities 
to the Jeffamine reagent) onto the particle surface for steric 
stabilization of the latex. However, the Jeffamine D-400 must 
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first be modified to prevent crossl1'nk1'ng · reactions between 
adjacent latex particles and subsequent flocculation because of 
the difunctional nature of the reagent (i.e. the chlorine groups 
on the surface of two adjacent latex particles may be linked by 
reaction of these groups with each amine end of the Jeffamine 
molecule). 
In the initial modification reaction, 1.13 gm of Jeffamine D-
400 was mixed with 3 gm of distilled,deionized water. 
Concurrently, 0.23 gm of pimelic acid was dissolved, with 
stirring, in 10 gm of distilled,deionized water. The diluted 
Jeffamine D-400 solution was then t' d s 1rre gently, and the pimelic 
acid solution was added slowly dropwise. The reaction was 
allowed to proceed for an additional half-hour after all of the 
pimelic acid was added. Pimelic acid was reacted with the 
Jeffamine reagent in a 1:2 equivalents ratio in an attempt to 
react only one of the amine groups (of the Jeffamine) with one of 
the carboxyl groups (of the pimelic acid) to form a difunctional 
reagent with available carboxyl and amine functional groups. The 
pimelic acid was added to the Jeffami'ne D-400 in that order in an 
attempt to maximize the possibiliy of the formation of the 
desired functional reagent. p 'bl oss1 e undesireable side reactions 
could include : (l)both amine groups of the D-400 being tied up 
by two carboxyl groups to give a long chained dicarboxylic acid 
reagent, ( 2) neither the amine groups nor the carboxylic acid 
groups could react , or (3) long chain formation of a new diamine 
molecule could occur. Selection of the correct 
quantities· sh ld i i ou max m ze the synthesis of the 
difunctional product. 
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reagent 
desired i 
Two types of latexes are available for further reaction. The 
first type (Latex E3-l) consists of the core polystyrene latex 
which was modified by polymerizing a styrene-vinylbenzyl chloride 
shell around the seed latex to give a chlorinated modified latex 
(also see Figure lA). The second type consists of a 
chlorinated/carboxylated latex (Latex El0-9; see also Figure lC). 
14.6 gm of the desired latex (either E3-l or El0-9) was mixed 
with 22.4 gm of distilled,deionized water in a 8 oz. bottle. The 
newly modified Jeffamine D-400 solution was then added dropwise, 
with gentle stirring, over a two hour period; the reaction was 
then continued for a one week period at room temperature with 
stirring. the result is a 5 %-solids latex with a single 
carboxyl-terminated spacer arm incorporated at the particle 
surface. 
The latex was then tested for stability in a qualitative 
screening experiment. Seven test tubes were filled with 2 ml of 
(1) pH 3, (2) pH 4.8, (3) pH 7.1, (4) pH 8.9, (5) pH 11, (6) 
Phosphate Buffered Saline solution, pH 7.4, and (7) 70 % ethanol. 
Several drops of latex were placed in each tube and mixed well. 
These tubes were allowed to sit undisturbed overnight. The tubes 
were then checked to see if there were any visible signs of latex 
flocculation. In addition, several drops of the unmodified base 
latex was placed into a tube filled with 70% ethanol. Finally, 
several drops of protein standard solution (10 g BSA/dl) were 
mixed with a few drops of the modified latex and mixed in PBS 
buffer solution in a test tube. These two tubes were allowed to 
sit overnight. No evidence of visual flocculation was seen in 
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any tube except in the tube containing the base latex in 70% 
ethanol which showed severe flocculation. The spacer arm 
addition to the base latex probably accounted for a steric 
stabilization mechanism imparted to the latex through 
modification reactions. 
the 
The "single spacer arm" modified latexes (Latex El0-9J-2W) 
were then analyzed in the Pen Kem System 3000 to determine the 
electrophoretic mobilities of these latex particles in constant 
ionic strength aqueous media with pH values adjusted with either 
dilute hydrochloric acid or sodium hydroxide solution as 
described previously. In another experiment, Tube #1 contained 
0.5 gm of latex El0-9J-2W, 3 ml of ECDI carbodiimide solution (1 
mg ECDI/lml pH 7 buffer) and 5 ml of BSA solution (1 mg BSA/ml pH 
7 buffer); Tube #2 contained 0.5 gm latex, 3 ml of pH 7 buffer 
and 5 ml of BSA protein solution. The contents of the tubes were 
rotated gently for thirty minutes at room temperature. At this 
time, a small quantity of Dowex mixed ion exchange resin was 
placed in each tube and mix~d gently for one hour. The latex-
protein conjugates were decanted off from each tube and placed in 
two new tubes. Mixed ion exchange resin was placed in the tubes 
and the cycle repeated. Samples of each latex were then analyzed 
in the Pen Kem 3000 in an attempt to determine 
electrophoretic mobility differences between the bound 
any 
and 
adsorbed latex-protein conjugates over a pH range from 3 to 11. 
These modified latexes were then used for protein binding 
experiments with Bovine Serum Albumin (BSA). Several different 
experiments were run. Experiment ESD-PB-3-31-83 represents a 
typical binding experiment. The latex used in this experiment 
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was latex E3-1JM which is a "single spacer arm" modified latex 
with~ carboxyl groups on the particle surface. The majority of 
the binding experiments used "single spacer arm" modified latexes 
with additional carboxyl groups bound at the particle surface 
(latex El0-9J-2W). Table VIII shows the reaction tube contents 
for Experiment ESD-PB-3-31-83. 
----------------------------------------------------
TABLE VIII TUBE CONTENTS FOR EXPERIMENT ESD-PB-3-31-83 FOR 
BINDING BOVINE SERUM ALBUMIN (BSA) TO LATEX E3-1JM (SINGLE SPACER 
ARM LATEX) 
TUBE 1 2 3 4 
------ -------
-------
------------
-----
LATEX E3-1JM 0.5 gm 0.5 gm 0.5 gm 0.5 gm 
ECDI sol'n 3.0 ml 3.0 ml 3.0 ml 0.0 ml 
(**) 
pH 7 Buffer 0.0 ml 2.0 ml 5.0 ml 3.0 ml 
BSA sol'n 5.0 ml 3.0 ml 0.0 ml 5.0 ml 
(++) 
---------------------------------------------------(**) ECDI sol'n : 1.0 mg ECDI/ml pH 7 buffer 
(++) BSA sol'n: 1.0 mg BSA/ml pH 7 buffer 
------------------------------------------------
5 6 
------- ------
0.5 gm 0.5 gm 
0.0 ml 0.0 ml 
5.0 ml 8.0 ml 
3.0 ml 0.0 ml 
Initially, the latex in Tubes i 1-3 was mixed with the ECDI 
solution latex in Tubes 4-6 were reacted with an equivalent . , 
volume of buffer. Each tube was then tumbled gently at room 
temperature for 45 minutes. Protein solution was added to each 
tube (except to Tubes i3 and i6) and allowed to react for 2 hours 
(for equilibration to be attained) at room temperature with 
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gentle tumbling. The contents of each tube were placed into 
centrifuge tubes, and centrifuged for one and a half hours at 
10,600 rpm. The supernatant fluid was then decanted off and 
analyzed for protein content using a microprotein determination 
assay based on a modified Biuret and Lowrey procedure. 
The initial step in this assay was the determination of a 
protein calibration curve. p· 1· 1ve ca 1bration tubes were prepared. 
Tube #1 (Cal 1) contained 0.2 ml of pH 7 buffer. Tube #2 (Cal 2) 
consisted of 0.05 ml of BSA solution (1 mg BSA/ml) and 0.1 5 ml of 
pH 7 buffer. Tube #3 (Cal 3) contained 0.10 ml ofBSA solution 
and 0.10 ml of pH 7 buffer. Tube #4 (Cal 4) consisted of 0.15 ml 
of BSA solution and 0.05 ml of pH 7 buffer. Finally, tube #5 
(Cal 5) contained 0.2 ml of BSA solution. The total volume of 
each tube was 0.2 ml. 
Next, 0.2 ml of the sample effluents were collected and 
placed in clean test tubes. They were then mixed with the 
microprotein determination assay reagents. In this reaction, 2.2 
ml of Biuret reagent were added to each tube (including the 
calibration tubes), mixed 11 d we , an allowed to stand ten minutes 
at room temperature. 0.1 ml of Folin and Ciocalteu's Phenol 
Reagent was added to each tube. Each tube was mixed immediately 
and allowed to stand for thirty minutes at room temperature. A 
blue color develops when protein is present. At that time, the 
samples were individually transferred to cuvettes and 
adsorbance values were determined and recorded at 750 nm 
the 
using 
The the Perkin-Elmer Lambda 5 UV/Vis Spectrophotometer. 
cuvettes were rinsed well several times with distilled, deionized 
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water between sample analyses. Several adsorbance values were 
determined and averaged for each sample. The sample protein 
concentration could be determined from a protein calibration 
curve (Absorbance vs. 
calibration data. 
BSA Concentration) derived from the 
The next experiment, ESD-PB-2-25-83, represented a screening 
experiment using a new latex El0-9J-2U. This latex is identical 
to Latex El0-9J-2W except that this latex was not washed using 
serum replacement to remove the unreacted Jeffamine modified 
reactants. The purpose of this experiment was to determine if the 
single spacer arm latex could be used to bind protein molecules 
prior to the long serum replacement process. The reaction 
components for this experiment is shown in Table IX. 
-----------------------------------------------------------------
TABLE IX REACTANTS FOR EXPERIMENT ESD-PB-2-25-83 FOR THE BINDING 
OF BOVINE SERUM ALBUMIN (BSA) TO LATEX El0-9J-2U (SINGLE SPACER 
ARM LATEX) 
TUBE 
---------------
LATEX El0-9J-2U 
ECDI sol'n 
(**) 
DDI 
1 
--------
0.5 gm 
3.0 ml 
0.0 ml 
5.0 ml 
2 3 
---------
----------
0.5 gm 0.5 gm 
0.0 ml 3.0 ml 
3.0 ml 5.0 ml 
5.0 ml 0.0 ml BSA sol'n 
(++) 
-------------------------------------------------------(**)ECDI sol'n: 1.0 mg ECDI/ml DDI 
(++)BSA sol'n: 1.0 mg BSA/ml DDI 
The analysis procedure for this experiment is identical to that 
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described previously. 
The final three experiments used Latex El0-9J-2W for the 
binding of Bovine Serum Albumin molecules. These experiments, 
ESD-PB-3-10-83, ESD-PB-3-3-83, and ESD-PB-3-24-83 resulted in the 
binding of protein molecules (Bovine Serum Albumin, BSA) to the 
single spacer arm modified latex in 3 different pH buffers (pH 4, 
7, and 9.18). Experimental details are shown in Tables X-XII. 
The experimental procedures for these three experoments are the 
same as described for Experiment ESD-PB-3-31-83 in the respective 
buffer solutions. 
--- --------------------------------------------------------
TABLE X EXPERIMENT ESD-PB-3-10-83 FOR BINDING BOVINE SERUM 
ALBUMIN (BSA) TO LATEX El0-9J-2W in pH 4 BUFFER 
-----------------------------------------------------------------
TUBE 1 2 3 4 5 6 7 
-----------
------ ------- ------- ------- ------- ------ -----
LATEX 0.5 gm 0.5 gm 0.5 gm 0.5 gm 0.5 gm 0.5gm 0.5 gm El0-9J-2W 
ECDI sol'n 3.0 ml 3.0 ml 3.0 ml 3.0 ml 0.0 ml 0.0 ml 0.0 ml (1 mg/ml) 
pH 4 0.0 ml 1.0 ml 2.0 ml 
Buffer 
5.0 ml 0.0 ml 4.0 ml 5.0 ml 
BSA sol'n 5.0 ml 4.0 ml 3.0 ml 0.0 ml 5.0 ml 4.0 ml 3.0ml (1 mg/ml) 
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TABLE XI EXPERIMENT ESD-PB-3-3-83 FOR BINDING BOVINE SERUM 
ALBUMIN (BSA) TO LATEX El0-9J-2W in pH 7 BUFFER 
-----------------------------------------------------------
TUBE 1 2 3 4 5 6 7 
---------
------ ------ ------ ------
------ ------ ------
LATEX 0.5gm 0.5gm 0.5gm 0.5gm 0.5gm 0.5gm 0.5gm 
El0-9J-2W 
ECDI sol'n 3.0ml 3.0ml 3.0ml 3.0ml 0.0ml 0.0ml 0.0ml 
(1 mg/ml) 
pH 7 Buffer 0.0ml 1.0ml 2.0ml 5.0ml 3.0ml 4.0ml 5.0ml 
BSA sol'n 5.0ml 4.0ml 3.0ml 0.0ml 5.0ml 4.0ml 3.0ml 
( 1 mg/ml) 
------------------------------------------------------
------------------------------------------------------
TABLE XII EXPERIMENT ESD-PB-3-24-83 FOR BINDING BOVINE SERUM 
ALBUMIN (BSA) TO LATEX El0-9J-2W in pH 9.18 BUFFER 
------------------------------------------------------
TUBE 1 2 3 4 5 6 7 
----- ----- -------
----- ----- ------
------
---------
LATEX 0.5gm 0.5gm 0.5gm 0.5gm 0.5gm 0.5gm 0.5gm 
El0-9J-2W 
ECDI sol'n 3.0ml 3.0ml 3.0ml 3.0ml 0.0ml 0.0ml 0.0ml 
(1 mg/ml) 
pH 9.18 0.0ml 1.0ml 2.0ml 5.0ml 3.0ml 4.0ml 5.0ml 
Buffer 
BSA sol'n 5.0ml 4.0ml 3.0ml 0.0ml 5.0ml 4.0ml 3.0ml 
(1 mg/ml) 
-----------------------------------------------------------------
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2b(ii)Results and Discussion of the •single Spacer Arm• Protein 
Binding Experiments 
Figure 7 shows the postulated schematic reaction sequence for 
the synthesis of a •single spacer arm• modified latex and the 
subsequent reaction of this latex with Bovine Serum Albumin. 
This diagram portrays the latex with carboxyl groups bound to the 
particle surface (Latex El0-9J-2W); the reaction pathway is 
identical for the case of modified latex without bound carboxyl 
surface groups (Latex E3-1JM). Reaction of the modified latex 
with Jeffamine D-2000 (modified as well as unmodified with 
pimelic acid) was attempted; however, this reaction was 
unsatisfactory, since coagulation of the latex occurred during 
the synthesis reaction. A mixture of N,N-dimethylaniline 
Jeffamine D-400 was was used in an attempt to synthesize 
and 
"dual 
spacer arm• modified latex with a cationic arm for latex 
electrostatic stabilization and an amine-carboxyl arm for protein 
binding and steric stabilization. Unfortunately this latex 
turned out to be unstable. The "single spacer arm• modified 
latexes (Latexes El0-9J-2W and E3-1JM) remained stable over the 
course of the protein binding experiments. The latex also 
remained stable when exposed to media of increasing pH (pH range 
3-11) and 70 % ethanol. The core latexes did flocculate in 70 % 
ethanol. However, Latex El0-9J-2W settled at the end of a 
month's time, perhaps due to hydrolysis of the spacer arm 
molecule. Latex E3-1JM remained stable over an extended period. 
A small amount of emulsifier may remain in this latex without any 
apparent adverse interactions with the protein binding reaction 
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FIGURE 7, POSTULATED REACTION PATHWAY FOR "SINGLE SPACER A~~" 
MODIFIED LATEX AND REACTION WITH PROTEIN MOLECULE~. 
(. I ) ( 11 +o c 1~,. C::H C.c H 3 J-t;-f l-t 1-l·h}J c H C ~3 ;-i. ~-
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mechanism. 
Figure 8 shows the results from the electrophoretic mobility 
study of the single spacer arm latex. The curve labeled El0-9J-
2W represents the electrophoretic mobility of the base modified 
latex in the absence of protein binding components as a function 
of pH. Electrophoretic mobility was found to decrease as the 
system pH was increased. The curve passes through a zero 
mobility value at approximately pH 5.5 which represents the point 
at which the carboxyl groups become ionized (COOH form below pH 
5.5, COO- above pH 5.5). This result offers evidence for the 
existence of carboxyl terminated spacer arm molecules the 
proportion of carboxyl groups on the spacer arm is much greater 
than at the latex particle surface). Curve El0-9J-2W-1C 
represents the bound BSA-latex conjugate while curve El0-9J-2W-2C 
represents the adsorbed BSA-latex conjugate. Both latex-protein 
conjugates were exposed to Dowex mixed ion-exchange resin in an 
attempt to •strip off• adsorbed protein prior to electrophoresis 
measurements. Only a slight difference between the two types of 
conjugates was observed in this experiment. Comparison of the 
experimental results with those found by Koutsoukos et. al. (5) 
shown in Figure 9 show qualitative similarities. Koutsoukos' 
data showed the elctrophoretic mobilities of positively charged 
polystyrene latexes (PS+), negatively charged polystyrene latexes 
(PS-), Human Plasma Albumin (HPA), and protein adsorbed on both 
polystyrene surfaces. The shape of curves El0-9J-2W-1C and 2C 
qualitatively agree with the shape of both the HPA curve and the 
curves of HPA adsorbed on the latexes (PS+/HPA and PS-/HPA). 
Figure 6 may also be compared with Figure 9 which shows the 
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differences between the cationic latex El0-8D-1E and adsorbed 
BSA/latex 
shown by 
conjugates. 
experimental 
Figure 9 demonstrates the same trend as 
data given in Figure 6. The 
electrophoretic mobility data demonstrates that all of the curves 
of protein adsorbed onto a latex surface are qualitatively 
similar to each other and to the mobility curve of dissolved 
protein alone. 
Koutsoukos(5). 
This is in total agreement with results shown by 
Figure 10 shows sample spectrophotometric data obtained in 
Experiment ESD-PB-3-31-83 (Latex E3-1JM in pH 7 buffer). This 
figure 
tracings 
represents a typical set of adsorbance measurement 
obtained from the Perkin-Elmer Spectrophotometer. 
Actual experimental absorbance values were obtained from this 
type of data by evaluating the absorbance values at 750 nm 
wavelength (represents a peak value). 
Figure 11 shows the Bovine Serum Albumin (BSA) calibration 
curve (absorbance as a function of BSA concentration) for 
experiment ESD-PB-3-31-83 from data presented in Figure l0B. 
Table XIII (also refer to Table VIII for experimental procedure) 
shows the experimental absorbance results obtained from this 
experiment. The absorbance values for the effluents in Tubes 1-6 
were averaged and then corrected to obtain values which could be 
analyzed for protein concentration using the protein calibration 
curve (Figure 11) • Tube #3 (containing only ECDI, latex and 
buffer) served as the control experiment experiment for Tubes il 
and i2. The average absorbance values for Tube i3 was subtracted 
from the average values for Tubes il and #2. 
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FIGURE 10 · 
SAMPLE DATA OBTAINED FROM SPECTROPHOTOMETER 
LATEX EJ-1JM 
A : SAMPLE DATA 
TUBE 1 
---- ------ - -- ..... --...-.... 
---
TUBE 4 
1.12 
B: PROTEIN CALIBRATION 
CAL 5 
. .,.., -- ---.- - -- -..... --- ------ -.. 
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-~ ro ' ~ ~ 
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---
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(") 
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---- -----.. . 
TuBE 2 --
__ TUBf.2_ _ _ 0. 5 
--- -- - -----
-- .............. ---
--
TUBE 3 
. . . . . . . . . . . . . . . . . . . . . . . 
. . . . 
..... 
0. 
TUBE 6 
..... 
. - . 
. . . 
CAL 3 
-------
CAL 2 
----------- -- -------- --------
-- ----
--- --- - -- -- --- ---- - ......__ --
CAL 1 
DOI -----~--~-------
0. 0<l)r-------------_j 
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FIGURE 11 BSA CALIBRATION CURVE IN pH 7 BUFFER 
FOR EXPERIMENT ESD-PB-J-J1-8J 
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TABLE XIII RESULTS 
Latex E3-1JM) 
OF EXPERINEHT ESD-PB-3-31-83 (pH 7 buffer; 
I.PROTEIN CALIBRATI ON {BOVINE SERUM ALBUMIN; BSA) 
TUBE I 
---------
CAL 1 
CAL 2 
CAL 3 
CAL 4 
CAL 5 
UNCORRECTED 
ABSORBANCE AVERAGE CORRECTED ABSORB. ABSORBANCE 
(absorbance units) 
-----------
BSA CONC'N 
(mg/dl) 
--------
------------
-----------
0.08 
0.46 0.08 0.00 0 0.46 0.38 25 0.66 0.66 
0.98 0.58 50 
1.11 
0.98 0.90 75 1.11 1.03 100 
---------------------
-----------
TUBE I 
-------
1 
2 
3 
4 
5 
6 
-----------
TUBE I 
-------
1 
2 
----------------
-----------------
II.EXPERIMEHTAL DATA 
UNCORRECTED ABSORBANCE AVERAGE CORRECTED 
(absorbance units) ABSORB. ABSORB. (absorbance units) 
----------------
--------
----------
0.98 1. 04 1.00 1. 04 0.81 0.85 0.79 0.84 1.02 0.57 
0.45 0.48 0.42 0.45 0.
82 0.37 
0.77 0.80 0.82 0.87 0.45 0.00 
0.59 0.61 0.55 0.59 0.82 0.69 
0.11 0.16 0.11 0.15 
0.59 0.46 
0.13 0.00 
----- ----------------
-----------------
---------------
III.EXPERIMENTAL RESULTS 
CORRECTED 
ABSORBANCE 
(absorb.unit) 
--------------0.57 
0.37 
BSA CONC'N 
IN EFFLUENT 
{mg/dl) 
------------43.1 
25.0 
BULK BSA CONC'N 
INITIAL SYSTEM 
(mg/dl) 
----------------59 
35 
4 5 0.69 55.0 59 
_________________
 0.46 33.1 35 
TUBES 1 AND 2 CON;;i;-;i;~i;~-;~~;------------------------------
TUBES 4 AND 5 CONTAIN !Q. BINDING AGENT 
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This correction is necessary to account for the chromogenic 
response of the binding agent alone (i.e. no protein present). 
Tube #6 served as the control for Tubes #4 and #5; this accounts 
for the absorbance of latex effluent and buffer alone. The 
corrected absorbance values of Tubes 1,2,4 and 5 could then be 
correlated with protein concentrations using the calibration 
curve in Figure 11. Analysis of Tubes #1 and #4 show that there 
was a higher concentration of protein in the effluent from tube 
i4 (with no binding agent present, only latex-adsorbed BSA 
conjugate; 55 mg BSA/dl) than from tube #1 (with binding agent 
present; 43 .1 mg BSA/dl). The initial concentration in the 
system was 59 mg/dl for these tubes. Most of the protein 
molecules were removed from the surface of the adsorbed BSA-Latex 
conjugates. A larger amount of protein remained attached to the 
surface of the bound BSA-Latex conjugates, demonstrating a 
significant difference between the adsorbed 
chemically bound protein protein-latex conjugates. 
protein- and 
Comparison 
of tube #2 (25 mg/dl concentration) which represents the bound 
BSA-latex conjugate and tube ts (33.1 mg/dl concentration) which 
represents the adsorbed BSA-protein conjugate with the initial 
BSA concentration in the tubes (35 mg/dl) confirm this trend. 
Table XIV presents results from Experiment ESD-PB-2-25-83 
(with latex El0-9J-2U in distilled, deionized water only). Tube 
#3 serves as the control for Tube il; cal 1 tube served as the 
experimental control for tube i2 (adsorbed BSA only; refer also 
to Table IX for experomental details). Initial concentration was 
59 mg/dl. Figure 12 shows the protein calibration curve used to 
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TABLE XIV: RESULTS OF EXPERIMENT ESD-PB-2-25-83 
(Latex El0-9J-2U) 
I• PROTEIN CALIBRATION (BOVINE SERUM ALBUMIN;BSA) 
TUBE t UNCORRECTED CORRECTED BSA CONCENTRATION ABSORBANCE ABSORBANCE (absorb.units) (absorb.units) (mg/dl) 
-------------
---------------
CAL 1 0.06 0.00 0 CAL 2 0.68 0.62 25 CAL 3 0.82 0.76 50 CAL 4 0.94 0.88 75 CAL 5 1.12 1.06 10 0 
II.EXPERIMENTAL DATA 
TUBE t UNCORRECTED ABSORBANCE AVERAGE CORRECTED 
ABSORB. ABSORBANCE (absorbance units) (absorbance units) 
l 0.88 0.94 0.69 0.76 0.82 0.46 
2 0.74 0.69 0.72 0.66 
3 0.36 0.36 0.36 0.00 
III.EXPERIMENTAL RESULTS 
TUBE I CORRECTED BSA CONC'N BULK BSA CONC'N ABS ORBAN CE IN EFFLUENT INITIAL SYSTEM (absorb. unit) (mg BSA/dl) (mg BSA/dl) 
1 0.46 18.8 59 
2 0.66 32.S 59 
TUBE 11: BINDING AGENT PRESENT 
TUBE 12: NO BINDING AGENT 
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100 
correlate experimental adsorbance values with actual protein 
concentrations. 
Results show that a significant amount of 
protein is removed from the adsorbed protein-latex system as 
opposed to the chemically bound protein-latex system (32.5 vs. 
18.8 mg/dl). 
Tables XV-XVII and Figures 13 - 15 present data obtained 
through spectrophotometric analysis of protein binding 
experiments ESD-PB-3-10-83, ESD-PB-3-3-83, and ESD-3-24-83 in 
which latex El0-9J-2W was used in three different buffers (pH 4, 
pH 7 and pH 9. 18) • The experimental details for this set of 
experiments are given in Tables X-XII. 
experiments, 
In this series of 
concentration (59 mg BSA/dl), tube #2 contains an intermediate 
tube fl contains the highest initial protein 
concentration (47 BSA mg/dl), and tube f3 contains the lowest 
amount of BSA (35 mg/dl). All three tubes contain the same 
concentration of carbodiimide binding agent (35 mg ECDI/ml). 
Tube 15 contains the same initial protein concentration (59 
BSA/dl) as tube fl; tube #6 contains the same initial 
concentration as tube 12 (47 mg/dl) while tube i7 contains 
same BSA concentration as tube #3 (35 mg/dl). 
mg 
BSA 
the 
Tubes 5 
- 7 
contained no carbodiimide binding agent and represented the 
the specific buffer (depending on the experimental system) and 
ECDI binding agent. This tube is the control for tubes 1 - 3. 
adsorbed protein-latex conjugates. Tube 14 contained only latex, 
The average absorbance value for this tube is subtracted off from 
the values of tubes l - 3 to obtain corrected absorbance values f 
for the bound protein-latex conjugate tubes l - 3. 
-.84-
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TABLE xv. RESULTS OF EXPERIMENT ESD-PB-3-10-83 ..iE.!! 4 buffer) ~ (Latex El0-9J-2W) 
-
TUBE I 
------
CAL 1 
CAL 2 
CAL 3 
CAL 4 
CAL 5 
TUBE I 
1 
2 
3 
4 
5 
6 
7 
TUBE f 
1 
2 
3 
5 
6 
7 
I.PROTEIN CALIBRATION (BOVINE SERUM ALBUMIN . BSA) I 
UNCORRECTED AVERAGE CORRECTED BSA CONC'N ABSORBANCE ABSORB. ABSORBANCE (absorbance units) (mg/dl) 
----------- --------- ---------- -----------0.11 0.14 0.13 0.00 0 0.47 0.53 0.50 0.37 25 0.73 0.78 0.76 0.63 50 0.90 0.90 0.90 0.77 75 1.12 1.12 1.12 0.99 100 
II.EXPERIMENTAL DATA 
UNCORRECTED ABSORBANCE AVERAGE CORRECTED ABSORBANCE ABSORBANCE (absorbance units) (absorbance units) 
0.95 0.98 0.90 0.94 0.71 0.75 0.67 0.71 0.63 0.61 0.62 0.62 0.40 0.43 0.34 0.38 0.76 0.72 0.74 0.59 0.59 0.55 0.58 0.55 0.56 0.56 0.56 
III.EXPERIMENTAL RESULTS 
CORRECTED BSA CONC'N BULK BSA CONC'N ABSORBANCE IN EFFLUENT INITIAL SYSTEM (abs. unit) (mg/dl) (mg/dl) 
0.56 
0.33 
0.24 
0.61 
0.45 
0.43 
43.1 
22.5 
16.3 
47.5 
32.5 
30. 6 "' 
59 
47 
35 
59 
47 
35 
0.56 
0.33 
0.24 
0.00 
0.61 
0.45 
0.56 
TUBES 1,2 AND 3 CONTAIN BINDING AGENT TUBES 5,6 AND 7 CONTAIN NO BINDING AGENT 
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TABLE XVI: RESULTS OF EXPERIMENT ESD-PB-3-3-83 J..e!!. 7 buffer) 
(LATEX El0-9J-2W) 
I.PROTEIN CALIBRATION (BOVINE SERUM ALBUMIN;BSA) 
TUBE f UNCORECTED AVERAGE CORRECTED BSA CONC'N 
ABSORBANCE ABSORB. ABSORBANCE 
CAL 1 
CAL 2 
CAL 3 
CAL 4 
CAL 5 
TUBE I 
l 
2 
3 
4 
5 
6 
7 
78 
TUBE I 
l 
2 
3 
5 
6 
7 
(absorbance units) (mg/dl) 
0.06 0.07 
0.46 0.52 
0.70 0.70 
0.96 0.95 
1.10 1.17 
0.07 
0.49 
0.70 
0.96 
1.14 
0.00 
0.42 
0.63 
0.89 
1.07 
0 
25 
50 
75 
100 
II.EXPERIMENTAL DATA 
UNCORRECTED ABSORBANCE AVERAGE CORRECTED 
ABSORB. ABSORB. (absorbance units) (absorbance units) 
1.03 1.02 1.03 l. 03 0.63 0.86 0.90 0.93 0.90 0.47 0.82 0.77 0.78 0.79 0.36 0.42 0.44 0.43 0.43 0.43 0.81 0.82 0.76 0.80 0.67 0.69 0.76 0.67 0.71 0.58 0.57 0.60 0.60 0.59 0.46 0.11 0.16 0.11 0.13 0.00 
III.EXPERIMENTAL RESULTS 
CORRECTED BSA CONC'N BULK BSA CONC'N ABSORBANCE IN EFFLUENT INITIAL SYSTEM (absorb. unit) (mg/ dl) (mg/dl) 
0.60 45.5 59 0.47 31.3 47 0.36 21.3 35 
0.67 53.8 59 0.58 43.8 47 0.46 30.0 35 
TUBES 1,2 AND 3 CONTAIN BINDING AGENT 
TUBES 5,6, AND 7 CONTAIN NO BINDING AGENT 
TUBE 78 IS LATEX BLANK USED FOR CORRECTION OP TUBES 5 - 7 
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TABLE XVII. RESULTS~ EXPERIMENT EDS-3-24-83 (Latex El0-9J-2W) le!! 9.18 buffer) 
TUBE I 
------
CAL l 
CAL 2 
CAL 3 
CAL 4 
CAL 5 
I.PROTEIN CALIBRATION (BOVINE SERUM ALBUMIN; 
UNCORRECTED 
ABSORBANCE AVERAGE CORRECTED ABSORB. ABSORBANCE (absorbance units) 
----------- --------0.07 0.08 ----------0.08 0.00 0.50 0.52 0.51 0.43 0.74 0.70 0.72 
0.94 0.90 0.64 0.92 0.84 1.06 1.11 1.09 1.01 
BSA) 
BSA CONC'N 
(mg/dl) 
-----------
0 
25 
50 
75 
100 
--------------
------ ----------------------
TUBE I 
-------
l 
2 
3 
4 
5 
6* 
7 
8* 
------------------
II. EXPERIMENTAL DATA 
UNCORRECTED ABSORBANCE 
(absorbance units) 
------------------------
0.97 1.03 
----0.86 
~.89 0.89 
0.70 0.71 0.74 
0.36 0.38 0.34 
0.81 0.88 0.81 
----
----
-----0.60 0.64 0.56 
0.09 0.13 0.11 0.14 
AVERAGE CORRECTED 
ABSORB. ABSORBANCE 
(absorb.units) 
--------
1.00 
~'> 0.88 
0.72 
0.36 
0.83 
-----
0.60 
0.12 
----------
0.64 
0.52 
0.36 
0.00 
0.71 
0.48 
0.00 
-------
--------
--------------------------------------------------
TUBE I 
------
l 
2 
3 
5 
6 
7 
III.EXPERIMENTAL RESULTS 
CORRECTED BSA CONC'N BULK BSA CONC'N ABSORBANCE IN EFFLUENT (absorb. uni ts) INITIAL SYSTEM 
------------
(mg/dl) (mg/dl) 
-----------
---------------0.64 
0.52 50.0 59 
0.36 36.9 47 21.3 35 
0.71 60.0 
----
59 
---- 47 0.48 31.9 35 ~ 
---- --
In general, the tube labeled Call was used as the control for 
tubes 5 - 7. However, in Experiments ESD-PB-3-3-83 latex (in pH 
7 buffer) and ESD-PB-3-24-83 (pH 9.18) CAL l could not be used as 
the control tubes. Subtracting the absorbance of Cal 1 from the 
average absorbance values for tubes 5 - 7 and correlating these 
values with protein concentrations shown in Figures 14 and 16 
gave results which were greater than the initial protein 
concentrations in Tubes 5 - 7. Therefore, two other control 
tubes were prepared. Tube # 7B consisted of latex and pH 7 
buffer only and served as the control for tubes 5 - 7 in 
Experiment ESD-PB-3-3-83. Tube #8 contained latex El0-9J-2W in 
pH 9.18 buffer only; this served as the control for tubes 5 - 7 
in Experiment ESD-PB-3-24-83. A dilution error occurred in tube 
i6. Too much buffer solution was added to this tube when 
balancing the centrifugation tubes prior to centrifugation. This 
buffer addition caused excessive dilution of the system and 
invalidated the absorbance results for the tube. 
Comparison of the adsorbed BSA-Latex conjugates and the bound 
BSA-Latex conjugates in all three experiments showed that a 
definite quantitative difference between the adsorbed- and bound-
protein latex conjugates existed. This was true for all three 
protein concentration levels. Analysis of all the adsorbed BSA-
latex conjugates showed 
molecules desorbed from 
that 
the 
the vast 
latex 
majority 
surface 
of protein 
during the 
sedimentation-decantation cycle. The least amount of protein was 
desorbed from the latex in pH 4 buffer, which agrees with 
theoretical prediction. Maximum protein adsorption occurs around 
-91-
the isoelectric point 
discussed previously 
of 
of BSA (around pH 
(see Introduction). 
4. 5) , for 
A greatly 
reasons 
decreased 
amount 
particle 
protein is desorbed from the bound-protein latex 
surface during the centrifugation process demonstrating 
the efficiency of binding. However, direct comparison of the 
experiments is difficult because different types of buffer 
systems were 
data show 
selected in the experiments. 
that quantitative differences 
chemically bound p t . 
ro e1n molecules w1"th 
The analysis of these 
between adsorbed and 
"single spacer arm" 
modified polystyrene latex 
can be demonstrated. 
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CONCLUSIONS 
1. Core polystyrene latex particles (with diameters averaging 
1350 nm) have been synthesized using bottle polymerization 
techniques. This latex has been used as seed for semicontinuous 
polymerization processes using: 
(a)vinylbenzyl chloride and styrene comonomers to form a 
copolymeric shell around the core latex which results in the 
chemical binding of activated chlorine groups at the latex 
surface. 
(b)incorporation of vinylbenzyl chloride, styrene, and 
methacrylic acid comonomers to produce a copolymer shell with 
activated chlorine and carboxyl groups at the latex surface. 
(c)incorporation of styrene and methacrylic acid comonomers 
to produce bound carboxyl groups at the latex surface. 
2. These modified latexes were then used to bind dye and protein 
molecules. 
3. A diazonium salt-based dye was reacted with the carboxyl-
modified latex (Figure lC) in association with the water-soluble 
carbodiimide, l-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride to covalently bind the dye molecules to the latex. 
A colored 
qualitatively 
procedures. 
latex resulted. 
demonstrated 
this 
using 
binding reaction was 
sedimentation-decantation 
However, the latexes remained aggregated after the 
centrifugation process, perhaps owing to the high centrifugal 
forces involved. 
4. Human Serum Albumin was also bound to this latex (E3-4A); 
-93-
however, problems with particle aggregation were evident. A 
small amount of emulsifier may be necessary to maintain latex 
stability. The lack of spacer arm molecules may also hinder the 
stability of the system. 
5. Two types of "spacer arm modified" latexes have been prepared 
based on both the carboxylated/chlorinated latex (Figure lB) and 
the chlorinated latex alone (Figure lA). These functional groups 
bound at the latex particle surface act as reaction sites for 
( l) the attachment of spacer arm molecules used to chemically 
bind charged stabilizing groups at the particle surface, and (2) 
the attachment of 
molecules. 
spacer arm molecules used to bind protein 
6. The "dual spacer arm" modified latex (type I;Latex El0-8D-1E) 
incorporates a cationic spacer arm (formed by raction of N,N-
dimethylaniline with the activated chlorine groups) and a 
carboxylated spacer arm (produced by the raction of epsilon-
amino-n-caproic acid with the carboxyl functional groups using 
the carbodiimide) used to chemically bind Bovine Serum Albumin. 
These particles are most probably electrostatically and 
sterically stabilized. However, the toxicity of the N,N-
dimethylaniline, and its limited solubility in water, limit the 
effectiveness of this latex. 
7. The "single spacer arm" modified latexes (Latex El0-9J-2W and 
E3-1JM) were prepared by reaction of activated chlorine groups on 
the latex surface with modified Jeffamine D-400 reagent 
(aliphatic polyether difunctional amine derived from propylene 
-94-
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oxide adducts of dials reacted with pimelic acid). This spacer 
arm w~s used to chemically bind Bovine serum Albumin (model 
protein) to the latex using water-soluble carbodiimide. 
particles are sterically stabilized. 
These 
8. Quantitative evidence using microprotein determination assay 
reagents in conjunction with spectrophotometric analysis has been 
obtained to distinguish between adsorbed protein-latex conjugates 
and chemically bound protein-latex conjugates. 
9 • The use of "single spacer arm" modified latex as insoluble 
support h h · 1 attachment of protein structures for t e c em1ca 
1 Possl.bly be enhanced by selecting molecu es may a cationic 
initiator (such as vazo 50) and a nonionic emulsifier (such as 
polyethylene oxide) during the latex synthesis. The final latex 
d t 1 nee to high electrolyte should have greatly increase o era 
concentration and 
conditions which 
pH variations under changing 
are necessary conditions for 
reaction 
practical 
applications using the latex (e.g. medical diagnostic tests). 
-95-
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